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ABSTRACT

Lou, Fangyuan. Ph.D., Purdue University, May 2016. A Study of Flow Development in
an APU-style Inlet and Its Effect on Centrifugal Compressor Performance. Major
Professor: Dr. Nicole L. Key, School of Mechanical Engineering.

The objectives of this research were to investigate the flow development inside an
APU-style inlet and its effect on centrifugal compressor performance. The motivation
arises from the increased applications of gas turbine engines installed with APU-style
inlets such as unmanned aerial vehicles, auxiliary power units, and helicopters. The inlet
swirl distortion created from these complicated inlet systems has become a major
performance and operability concern. To improve the integration between the APU-style
inlet and gas turbine engines, better understanding of the flow field in the APU-style inlet
and its effect on gas turbine is necessary.
A research facility for the purpose of performing an experimental investigation of
the flow field inside an APU-style inlet was developed. A subcritical air ejector is used to
continuously flow the inlet at desired corrected mass flow rates. The facility is capable of
flowing the APU inlet over a wide range of corrected mass flow rate that matches the
same Mach numbers as engine operating conditions. Additionally, improvement in the
system operational steadiness was achieved by tuning the pressure controller using a PID
control method and utilizing multi-layer screens downstream of the APU inlet. Less than
1%

relative

unsteadiness

was

achieved

for

full

range

operation.

xix
The flow field inside the rectangular-sectioned 90 bend of the APU-style inlet
was measured using a 3-Component LDV system. The structures for both primary flow
and the secondary flow inside the bend were resolved. Additionally, the effect of
upstream geometry on the flow development in the downstream bend was also
investigated.
Furthermore, a Single Stage Centrifugal Compressor research facility was
developed at Purdue University in collaboration with Honeywell to operate the APUstyle inlet at engine conditions with a compressor. To operate the facility, extensive
infrastructure for facility health monitoring and performance control (including
lubrication systems, secondary air systems, a throttle system, and different inlet
configurations) were built. Additionally, three Labview programs were developed for
acquiring the compressor health monitoring, steady and unsteady pressure and strain data.
The baseline, steady aerodynamic performance map was established. Additionally,
the unsteady pressure field in the compressor was investigated. Steady performance data
have been acquired from choke to near surge at three different corrected speeds from 90%
to 100% corrected speed in 5% increments. The performance of the compressor stage was
characterized using total pressure ratio (TPR), total temperature ratio (TTR), and
isentropic efficiency. The impeller alone and diffuser along performance were also
investigated, and the high loss regions in the compressor were identified.
At last, the compressor unsteady shroud pressure was investigated at 100%
corrected speed in both the time domain and frequency domain. Results show strong
pressure components in relation to the shaft frequency (SF). The impeller has 17 main
blades and 17 splitter blades, and introduces pressure fluctuations at 17SF and its

xx
harmonics. Additionally, the diffuser has a vane count of 25 and results in pressure
spectra of 59SF (17+17+25) due to the interactions between the impeller and diffuser.
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CHAPTER 1. INTRODUCTION

Centrifugal compressors have been widely used in industrial, turbocharger,
and aerospace applications [1]. The majority of centrifugal compressor installations
are in industrial applications, where, for example, fluid transport and compression are
required for chemical processes. Usually, large multi-stage configurations equipped
with shrouded impellers that operate at low speeds are used to achieve the required
pressure ratio and volumetric flow rate for the compression unit. In recent decades,
low-cost open impellers made from aluminum operating at high specific speed have
been used more in turbo-charging conventional diesel engines for fuel savings. In
aerospace applications, centrifugal compressors are used in turbo-shaft and turboprop engines because the high pressure ratios can be achieved while meeting the
requirement for compact and light engines. For the same reason, centrifugal
compressors are also used in small jet engines to boost the pressure ratio downstream
of axial stages. Single stage, unshrouded titanium impellers are usually the choice for
aerospace applications. Those engines have been successfully used in helicopters,
auxiliary power units (APUs), and unmanned aerial vehicles (UAVs).
Similar to other kinds of compressors, a centrifugal compressor is a rotating
machine that aims to increase both stagnation and static pressure of the flowing fluid.
The three key components of a centrifugal compressor include the impeller (rotor),
the vaned diffuser (stator), and the volute (scroll). Initially, fluid enters the impeller at
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the eye, or inlet, and flows axially through the front portion of the impeller, the
inducer. Then the flow is directed from axial to radial in the rear part of the impeller.
It is the centrifugal effect from rear part of the impeller that allows a centrifugal
compressor to attain a very high pressure rise per stage. Splitter blades are usually
incorporated in order to reduce the loading in the rear part of impeller. As the fluid
flows through the impeller, the shaft does work on the fluid by increasing the angular
momentum of the fluid, resulting in increased stagnation enthalpy. Part of the
stagnation enthalpy rise is directly transformed into static pressure rise due to the
diffusion of relative velocity and the centrifugal effect inside the impeller. The rest of
the stagnation enthalpy increase results in increased kinetic energy of fluid leaving
the impeller. The flow leaving the impeller has a large absolute velocity that is
subsequently decelerated by the downstream diffuser. As a result, further static
pressure rise is achieved in the diffuser. Finally, the flow leaving the diffuser is
collected and directed into a discharge pipe by the volute.
The aerodynamic performance of a centrifugal compressor is characterized by
mass flow rate, total pressure ratio, and efficiency. The useful compressor operating
range is bounded by the surge line and the choke line. The surge line is the barrier
between stable working conditions and unstable working conditions for the
compressor. The region between operating line and surge line is the surge margin and
determines the range for stable operation of the compressor. Great effort has been
made to broaden the surge margin.

3
1.1

Research Motivation

Modern gas turbine engines are continuously pushing the boundaries of
efficiency and performance for all the components of the Brayton cycle, and the
centrifugal compressor is no exception. The pursuit of a high pressure ratio, high
efficiency, and reduced size drives the compressor to operate at a higher rotational
speed, a tighter clearance, and a reduced gap between the rotating group and
stationary group. This results in higher loading on impeller and stronger interactions
between the rotating impeller and stationary diffuser. One motivation for this research
is to better understand the flow and component interactions in high speed centrifugal
compressors. This includes investigation of impeller-inlet interaction and impellerdiffuser interaction.
Additionally, with the increased applications of gas turbine installed with
APU-style inlets such as unmanned aerial vehicles, auxiliary power units, and
helicopters, the inlet swirl distortion created from these complicated inlet systems has
become a major performance and operability concern and challenges the integration
between the engine and inlet system. To improve the design of the APU-style inlet
systems, better understanding of the flow field and the mechanism for swirl
development is necessary. This is the second motivation for the present research.
1.2

Literature Review

Extensive research has been done, both experimentally and computationally,
aiming to increase centrifugal compressor performance. Improved designs have been
accomplished by better matching of the impeller to the diffuser. The design process
starts with the 1-D preliminary design, which is based on empirical equations and
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correlations, to determine the most essential centrifugal compressor parameters
including stage loading, efficiency, pressure ratio, and surge margin [3]. Next, both 2D inviscid solvers based on streamline curvature methods and 3-D viscous solvers
based on RANS equations and turbulence models are applied to optimize the
centrifugal compressor design. Several researchers, including Stodola [4], Cordier
[5], Herbert et al. [6], Rodgers [7], and Wiesner [8] et al., built up the empirical
equations for preliminary design of impellers and diffusers. Publication of streamline
curvature methods by Hamrick et al. [9] and Wu [10] in the middle of the last century
clarified the real flow character in centrifugal compressors. Until now, the 2-D
solvers based on streamline curvature methods, such as that developed by Katsanis
[11], are still widely used in industry despite the fact that 3-D viscous CFD solvers
are now readily available. Also, with increasing computational capacities and
development of numerical methods, reliable 3-D viscous solvers based on RANS
equations and turbulence models became widely available at the end of 1980s and
showed the capability to satisfactorily predict complex flow characteristics in
centrifugal compressors, such as the jet/wake leaving the impeller and secondary flow
development [12].
In the meantime, several experimental research investigations in the impeller
and diffuser have been performed to better understand the flow physics behind the
complex internal flow in centrifugal compressors and to validate the CFD solvers.
Detailed flow field measurements inside the impeller were first carried out by Eckardt
[13] and then performed by Krain [14] and Skoch et al. [15]. More recently, Krain et
al. [16, 17], Ibaraki et al. [18-20] and Higashimori et al. [21] have published
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measurements on three different modern transonic impellers. Similarly, detailed flow
measurements in the vaneless space and vaned diffusers have been widely studied by
Krain et al. [22, 23], Ibaraki et al. [24], and Cukurel et al. [25]. Besides the careful
attention to the impeller and diffuser design, properly matching the impeller to the
diffuser is another concern in designing an efficient centrifugal compressor. The
interaction between the impeller and diffuser has considerable influence on the flow
through centrifugal compressors. Great efforts by Cumpsty et al. [26-28], Ziegler et
al. [29, 30], and Trebinjac et al. [31] have illustrated the interaction mechanism and
its influence on centrifugal compressor performance.
Additionally, research focusing on tip clearance effects in centrifugal
compressors has been performed. A non-dimensional parameter called tip clearance
ratio was introduced, and it is defined as the ratio of clearance over blade height.
Pampreen [32] developed a correlation between tip clearance and efficiency by using
shims to axially adjust the shroud with respect to the impeller. The efficiency
decreased with the increase of tip clearance. Schleer and Abhari [33, 34] also varied
the tip clearance by shimming the shroud casing in the axial direction in a high speed
facility, and compared the flow at partial loading for two clearance configurations.
The results showed a decreased stall margin as tip clearance increased due to the
increasing interaction of the tip leakage flow with the bulk jet-wake flow structure of
the impeller. Additionally, Senoo and Ishida [35, 36] expounded on the results
observed by Pampreen [32] to develop models based on experimental data for effects
of tip clearance on centrifugal compressor performance. The pressure loss due to tip
clearance was concluded to be induced by drag developed from the tip leakage flow.
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The efficiency reduction and tip clearance loss were nearly proportional for tip
clearance ratios less than 0.1.
Besides pressure ratio and efficiency, centrifugal compressor stability is
another topic of great interest. As mentioned above, the surge line on the compressor
performance map is the boundary of compressor stability, and operation beyond this
line will cause a mass flow rate imbalance and result in either rotating stall or surge.
The relatively narrow operating range suffered by high pressure ratio centrifugal
compressors makes the surge margin of great importance. Therefore, much research
has been aimed at understanding the mechanism of instability inception and to
improve the surge margin without sacrificing pressure ratio or efficiency.
Experimental work of Cumptsy and Greitzer [37] sheds light on the inception and
evolution of rotating stall. Williams et al. [38], Skoch [39], Rodgers [40], and
Hunziker et al. [41] have succeeded in extending the surge margin by applying either
active or passive flow control techniques.
1.2.1

Impeller Flow

Early designers assumed that the flow in a well-designed impeller followed
the blades, and the impeller flow was free of separation based on the argument that
high efficiency (above 94%) was associated with a good impeller. Therefore, when
Dean [42] pointed out the existence of a region filled with separated flow in impellers
and termed the type of flow as the jet and wake, compressor designers attributed the
flow separation to the poor design of the impeller studied by Dean. With more
evidence from research by Eckardt [13], Krain [14], and Skoch [15] on the jet/wake
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flow, it is now widely accepted that separation in the impeller seems a necessary
consequence due to the combination of impeller geometry and rotation.
With the help of the Laser-2-Focus technique, detailed flow measurements
within a radial discharge centrifugal impeller was carried out by Eckardt [13]. The
impeller was running at 14,000 rpm with a total pressure ratio of 2:1. Meridional
velocity distributions were presented in five measurement areas from the inducer inlet
to the impeller exit. Since the relative flow in the inducer was subsonic and there
were no shock waves, the flow pattern in the inducer agreed well with calculations
from potential theory, showing that there was no flow distortion in the inducer. The
first pronounced flow distortion occurred at the beginning of radial turn within the
impeller, indicating inception of flow separation in the shroud at the corner of the
flow channel. The mechanism for the flow separation onset was probably due to the
instability of the shroud boundary layer caused by shroud streamline curvature and
impeller rotation. After the onset of flow separation, the wake grew quickly in the
shroud corner area. The rapid growth of the wake was the result of low momentum
fluid accumulation in the shroud corner caused by the intense secondary flow in the
channel. The wake was confined in the shroud area to the impeller exit and resulted in
the jet/wake flow pattern.
The impeller studied by Eckardt [13] used a conventional design, and not long
after, Krain [14] described similar measurements in a wholly new modern impeller
with 30 degrees of backsweep. Despite the relatively low specific speed (0.62), due to
considerations of inducer tip Mach number and shroud curvature, the impeller could
still reach a polytropic efficiency as high as 0.95. The measurements were taken
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while operating the impeller at 22,350 rpm with a total pressure ratio of 4.7, much
higher than the wheel tested by Eckardt [13]. Similar to the results from Eckardt [13],
measurements by Krain [14] also showed that there was no flow distortion in the
inducer, and the first pronounced distortion appeared at the very beginning of the
exducer. After the onset of flow separation, the secondary flow pattern caused by the
difference in hub-shroud curvature kept driving low momentum fluid from the hub to
the shroud. Because of the low blade loading, the wake near the shroud was not
limited to the suction side and extended over the full passage. The extended wake
mixed with the main passage flow and resulted in a much weaker but larger passage
wake at the exit of impeller, which differed widely from the well-known jet/wake
type of flow pattern.
Later, Skoch et al. [15] carried out similar measurements on a backswept
impeller using Laser Doppler Velocimetry (LDV) techniques. The impeller was
running at 21,800 rpm with a total pressure ratio of 4, similar to the wheel tested by
Krain [14]. Results showed similar flow patterns as that reported by Krain, except for
the location of flow separation inception. The onset of flow separation tested by
Skoch started further upstream than that reported by Krain [14] and Eckardt [13]. It
began as the inducer suction surface boundary layer migrated toward the blade tip and
became entrained in the tip clearance flow.
For the three cases studied by Eckardt, Krain and Skoch, the inlet flow
condition for all three impellers was subsonic, and therefore, there are no shock
waves either at the impeller leading edge or at inducer throat. Furthermore, the effect
of tip clearance flow in all the three cases was not evident probably due to the relative
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small tip clearance. Finally, vaneless diffusers were used in all three cases to avoid
the interactions between impeller and vaned diffuser.
For applications in turbochargers and turbo-shaft engines, centrifugal
compressors with large flow capacity and high total pressure rise are required. Size
limitations on the outer diameter leads to larger rotational speeds and results in
transonic flow conditions at the compressor inlet. It is believed that in a transonic
centrifugal compressor, the additional loss is due to the interaction between the shock
waves and both the blade surface boundary layer and the tip clearance flow.
Therefore, the evolution of flow patterns from the impeller inlet to exit in a transonic
centrifugal compressor is of particular interest to understand the loss generation
mechanism inside these types of impellers.
Krain et al. [16, 17] conducted detailed measurements of the flow field inside
a transonic backswept impeller first by applying the Laser-2-Focus technique and
later by using 3-D LDV. The impeller was running at 50,000 rpm with a total
pressure ratio of 6.1, and the relative inducer tip Mach number was 1.3. Results
showed that the first flow instability occurred near the shroud in the inducer due to
interference of shock waves with the tip leakage vortex. The wake extended over the
full passage as the flow moved toward the impeller exit, and the flow pattern at the
impeller exit seemed to be dominated by the wake formed by the tip leakage flow.
More recently, Ibaraki et al. [18-20] studied the flow field inside a transonic
turbocharger impeller, both experimentally and computationally. The impeller was
backswept and was running at 24,700 rpm with a total pressure ratio of 3.9. The
relative Mach number at the impeller leading edge tip was about 1.3, which was the
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same as the case studied by Krain et al. [16, 17]. The results showed similar flow
patterns as reported by Krain [16, 17]. Low-velocity regions were first formed near
the shroud/suction-side area in the inducer due to the interaction between the shock
wave and the tip leakage flow. As the flow moved toward the impeller exit, the low
velocity regions grew rapidly at first and then were limited to the rear part of impeller.
At the exit of impeller, the low velocity regions formed by the tip leakage vortex
dominated the flow field.
Hagashimori et al. [21] carried out detailed flow measurements on an
aeronautical impeller, and a CFD simulation was also conducted for comparison. The
research was mainly focused on the inducer flow, and only four traverse planes were
investigated. The impeller studied was running at 52,300 rpm. The total pressure ratio
of the compressor stage was 11, and the relative inducer tip Mach number was 1.6,
both of which were much higher than cases studied by Krain et al. [16, 17] and
Ibaraki et al. [18, 19, 20]. Results showed that an oblique shock was formed at the
leading edge of the inducer as the flow entered the impeller, and a passage shock
appeared at the inducer throat. Reverse flow near the shroud in the inducer was
present because of the interaction between the shock wave and the tip leakage flow.
Compared to the impeller flow with subsonic inlet conditions, flow in
transonic impellers are complex due to the appearance of shock waves, flow
instabilities that start further upstream at the throat of inducer due to the interaction of
shock waves and tip leakage flow, and the tip leakage flow plays a more important
role in flow patterns both within the impeller and at the exit of impeller. Reversed
flow near shroud at the inducer may occur due to the presence of a shock wave.
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In general, all impeller measurements reveal the complicated 3-dimensional
nature of flow inside the impeller, as depicted in Figure 1.1 (Wood et al. [43]).
Besides the primary flow along the impeller blades, secondary flows driven by the
streamline curvature effect and the impeller rotation effect exist and play an important
role in the impeller flow. For impellers with subsonic inlet conditions, the evolution
of impeller flow patterns is strongly affected by the interaction between secondary
flows and boundary layer growth along the flow passage. The location of the onset of
flow instability is mainly determined by shroud curvature and the shroud boundary
layer. However, for transonic impellers, the appearance of shock waves along with
the relatively large tip leakage flow makes the impeller flow patterns more
complicated, and the onset of flow instability depends more on the interaction
between shock waves and tip leakage flows. Despite that, flow patterns at the exit of
impeller without backweep studied by Eckardt [13] agreed well with the jet/wake
flow model, as shown in Figure 1.2a. All flow patterns at the exit of impellers with
backsweep appear to be smoother, which differ widely from the jet/wake flow type,
as shown in Figure 1.2b. The mechanism behind this is not clear and is probably due
to the relatively low blade loading at the rear part of backswept impellers.
Furthermore, as the impeller tip clearance increases, the impeller exit flow pattern
became very different from the typical jet-wake flow pattern because of the strong
mixing between the tip leakage flow and the primary blade passage flow. This mixing
results in a large low velocity region at exit of impeller as shown in Figure 1.2c.
Since secondary flows in impellers play a very important role in the evolution
of impeller flow patterns. Secondary flows, which are considered to be the flow
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normal to the primary flow, are generated when a primary flow is subjected to
accelerations perpendicular to the primary streamline direction [44]. In centrifugal
compressors, these sideway accelerations can be produced by flowpath curvature or
Coriolis effects associated with rotation. To illustrate the mechanism of secondary
flow in the impeller, consider the forces acting on a fluid particle passing through a
rotating impeller. As the fluid particle follows the primary direction in an impeller, a
pressure force normal to the blade surface is acting on the fluid particle due to
pressure gradient caused by the loading on the blades. The pressure force is balanced
by a Coriolis acceleration proportional to the relative velocity. Suppose that there is a
drop in the relative velocity of the fluid particle due to the momentum exchange with
surrounding fluid particles. Then, the balance between the Coriolis acceleration and
pressure force is broken, and the low momentum fluid particle is driven toward blade
suction surface. Instead of Coriolis acceleration, flow over curved surfaces is driven
by centripetal acceleration. The meridional blade-to-blade curvature drives the low
momentum particles toward the shroud, in which the centripetal acceleration is small.
As a result, flow driven by rotation and impeller meridional curvature forms the
secondary flow in an impeller. Also, the Rossby number is used to compare the
relative effect from curvature and from rotation on the secondary flow. A large
Rossby number implies a tendency for the effect of curvature to dominate over the
effect of rotation.
1.2.2

Flow in Vaneless Space and Diffuser

The impeller exit flow has a high absolute velocity, normally inclined at a
large angle with respect to the radial direction. A downstream diffuser is usually
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employed to decelerate this flow and therefore, provide a static pressure rise. There
are generally two types of diffusers: vaneless diffusers and vaned diffusers. The
vaneless diffuser is used when wide flow range or low cost is of prime concern, and
the vaned diffuser is needed when high efficiency is a requirement. The geometry of
vaneless diffusers is quite simple, usually being an annular channel with constant
width surrounding the impeller. As for the vaned diffuser, there are many types used.
One common type, called the wedge diffuser, consists of wedges. Other vaned
diffusers, including cascade diffusers, airfoil diffusers, and pipe diffusers, are also
used in some applications. Since vaned diffuses attract most of the research attention,
the following discussion is focused on the vaned diffuser.
For a compressor with a vaned diffuser, the flow leaving the impeller is first
discharged to a vaneless space before it approaches the diffuser vane. Lots of mixing
occurs in the vaneless space, including mixing of linear and angular momentum.
After mixing in the vaneless space, the flow enters the so called semi-vaneless space,
the portion of the area between diffuser leading edge and diffuser throat. In the semivaneless space, the flow direction is adjusted by diffuser vanes, generating a
significant amount of loss. Flow downstream of the diffuser throat is usually steady
and uniform indicating good diffusion and low loss generation.
Krain [22] studied unsteady diffuser flow in a transonic centrifugal
compressor by applying the Laser-Two-Focus technique. The laser measurements
were performed both in the vaneless space and in the vaned diffuser area and revealed
a significantly unsteady, distorted diffuser inlet flow. Ahead of the leading edge of
the diffuser vanes, a variation in the mean flow angle of up to 36 degrees from hub to
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shroud was presented. Flow angle fluctuations of more than 10 degrees due to
unsteadiness were also found. This resulted in a wide incidence distribution along
diffuser span. The measurements carried out in the overall diffuser flow channel
revealed that the maximum unsteadiness occurred upstream of the diffuser vanes, the
unsteadiness decayed rapidly in the semi-vaneless space, and it became much smaller
downstream of the diffuser throat. Despite the presence of strong unsteadiness in the
vaneless space and semi-vaneless space, simulation results from the steady 3-D
calculations for vaned diffuser showed a surprisingly good agreement with the timeaveraged experimental results.
Particle Image Velocimetery (PIV) was also applied to the same transonic
centrifugal compressor by Voges et al. [23]. Both instantaneous and phase-averaged
velocity field data were presented aiming to improve the knowledge of the complex
flow phenomena in the vaned diffuser. The results showed that the instantaneous
velocity field was dominated by small structures and strong gradients, indicating the
unsteady and highly turbulent character of the diffuser flow. Comparing to the
instantaneous results, the phase-averaged velocity field appeared smooth. Flow
structures including the jet and wake from the impeller were clearly visible for both
instantaneous results and phase-averaged results. The location of the shock wave in
the diffuser was fluctuating due to flow field unsteadiness.
Recently, Ibaraki et al. [24] investigated the unsteady flow field in a vaned
diffuser of a transonic centrifugal compressor used in a turbocharger. Laser Doppler
Velocimetery (LDV) was employed in the investigation and both time-averaged and
instantaneous results were presented. Results showed a variation of flow angle of
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more than 10 degrees between the shroud and hub, which agreed well with results
from Krain et al. [22], indicating delayed mixing in the vaneless space [24]. Similarly,
strong unsteadiness was found in the forward portion of the vaned diffuser, which
caused a change in the inlet angle of up to 10 degrees during the passage of a single
impeller blade. Large flow separation was detected at the diffuser leading edge from
midspan to hub, indicating large loss generation in this region.
More recently, detailed flow field measurements in a vaned diffuser of a highspeed centrifugal compressor was carried out by Cukurel, et al. [25] using the PIV
technique. Both steady and instantaneous velocity results were presented and revealed
strong circumferential and spanwise variations in both Mach number and flow angle.
The mixing in the vaneless space was delayed and strong circumferential variations,
similar to the jet and wake, were presented at the diffuser leading edge. The flow was
accelerated and further mixed in the following semi-vaneless space. Shock waves
appeared around the diffuser throat area and uniform diffusion flow was obtained
downstream of the diffuser throat. Further instantaneous results showed that the
oscillation of shock wave was caused by unsteadiness effects.
1.2.3

Impeller-Diffuser Interaction

Impeller-diffuser interactions in a centrifugal compressor can be defined as
the group of mechanisms which cause the differences in flow phenomena and
performance of the two components for isolated and coupled operation. There are
two main aspects of the interaction. The first is the influence of the impeller on the
diffuser flow, which is characterized mainly by distorted inlet conditions arising from
complicated impeller exit flow and, to a smaller degree, by the unsteadiness induced

16
by the interaction. The second, and less studied aspect, is the influence of the
potential field from diffuser vanes on the impeller flow.
1.2.3.1 Effect of Impeller on Diffuser
Large variation in velocity magnitude and direction in both the circumferential
and axial directions in the diffuser inlet flow field is usually present due to the highly
distorted flow leaving the impeller and the incomplete mixing process in the vaneless
space. Therefore, the ability of the diffuser to accept the non-uniform inlet flow is a
concern during the design process. Extensive research has been done trying to
examine the effect of inlet flow conditions on the steady performance of the diffuser.
Based on extensive work of many investigators, Japikse [45] concluded that
the performance of a diffuser is heavily affected by three dynamic parameters
including the inlet blockage, the shape of the velocity profile entering the diffuser,
and the turbulence scale and intensity at the diffuser inlet. More recently, Filipenoco
et al. [26] and Deniz et al. [27] carried out a thorough study of the influence of inlet
flow conditions on the performance and operating range of vaned diffusers. Two
types of vaned diffusers, including discrete-passage diffusers (modified pipe diffusers)
and straight channel diffusers, were employed, and effects of diffuser inlet Mach
number, flow angle, blockage, and axial nonuniformity on diffuser pressure recovery
and operating range were studied. The effect of circumferential nonuniformity was
not taken into consideration because results by Inoue et al. [46] showed that diffuser
performance was independent of circumferential nonuniformity.
The results by Filipenoco et al. [26] and Deniz et al. [27] showed that the
pressure recovery coefficient for both types of vaned diffusers is a unique function of
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inlet flow angle with a momentum average of inlet total pressure. This conclusion
applied to both subsonic and supersonic inlet flow conditions. The insensitivity of the
diffuser performance to details of the flow such as Mach number, blockage, and
velocity profile distortion suggested that a strong mixing process occurs in the semivaneless space and throat region.
Furthermore, to incorporate the effect of unsteady impeller-diffuser
interactions on diffuser flow and performance, measurements were acquired by
Ziegler et al. [29, 30] at three different radial gaps including infinite radial gap
(vaneless), 14% radial gap, and 4% radial gap. Results showed that, in most cases, the
flow field at the diffuser vane exit was more homogeneous and better diffusion, thus
better pressure recovery could be achieved at smaller gaps. Later, detailed L2F
measurement showed that a decrease in the radial gap lead to an unloading of the
typically highly loaded vane pressure side, which was probably the reason for better
diffuser flows at smaller radial gaps.
Differing from the results obtained by Ziegler et al. [29, 30], simulation
results from Shum et al. [47] showed that the effect of impeller exit unsteadiness on
diffuser recovery is insignificant when compared to the dominant factor of incidence
on the spatially averaged and time averaged flow into the diffuser vanes. Massive
separation was not triggered by the angular misalignment introduced by the
unsteadiness as flow entered the diffuser channel. Since the simulation was carried
out at design speed of a specific compressor stage, the validation of the conclusion to
all diffusers in different compressors is still in doubt.
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1.2.3.2 Effect of Diffuser on Impeller
When high efficiency is the requirement for radial compressor, a vaned
diffuser is usually chosen. However, the impeller is affected by the presence of
diffuser vanes. Results from Inoue et al. [46] showed that the static pressure rise of
the impeller was increased considerably with the presence of a diffuser. This
phenomenon was confirmed later by Ziegler et al. [29], who also showed that slightly
higher static pressure rise in the impeller could be achieved without sacrificing
impeller efficiency if the radial gap was reduced from 14% to 4%. Further detailed
L2F measurements between the impeller exit and diffuser throat was then performed
by Ziegler et al. [30] aiming to understand the mechanism related to the phenomenon.
The results showed a significant reduction of the wake region at the impeller exit with
the vaned diffuser compared to the vaneless, and a small, but noticeable, further
reduction occurred if the radial gap is reduced from 14% to 4%. The slightly higher
work input at smaller radial gaps was attributed to an enhanced recirculation caused
by the upstream propagating diffuser potential field.
Shum et al. [47] conducted a simulation using an unsteady 3-D RANS method
to study the effect of unsteady impeller-diffuser interactions on the performance of a
centrifugal compressor stage. The compressor stage studied in the investigation was
representative of current industry design with a total pressure ratio of 5.4. Besides the
simulation, a one-dimensional model was derived representing the change of work
input by the impeller in terms of change in blockage, change in loss, and change in
slip. Three configurations including an infinite radial gap (vaneless diffuser), 9.2%
radial gap, and 5.4% radial gap were studied. The results indicated the existence of an
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optimum radial gap size to achieve the highest total pressure ratio in an impeller due
to the reconciliation between the penalty of increased loss and the benefits from
reduced blockage and slip as the diffuser vanes were moved very close to the impeller
blades. Results also showed that the diffuser potential field decayed very quickly,
and the effect on the impeller was confined to the trailing edge of impeller. This
phenomenon was also confirmed by later results from Trebinjac et al. [48].
As discussed, impeller-diffuser interactions have influenced the performance
of both impellers and diffusers. The performance of the impeller and diffuser is
highly coupled. The potential field generated by the diffuser acting on the impeller
exit flow field is not only driven by geometry but also depends on the unsteady
diffuser loading. The diffuser loading is in turn, a function of impeller potential field
and exit flow variations. Therefore, the effect of impeller-diffuser interactions on
overall compressor stage performance is the result of the coupled effect of the
impeller and diffuser. For research on impeller-diffuser interactions, the radial gap is
an important parameter since it determines the intensity of interaction. Previous work
from Rodgers [49] and Clements et al. [50] showed the existence of an optimum
radial gap for the maximum stage total-to-static pressure ratio. However, the
mechanism behind this phenomenon is still not clear. Research from Trebinjac et al.
[48] showed that the effect of unsteady impeller-diffuser interaction is located mainly
in the inter-row gap region.
1.2.4

Compressor Inlet-Impeller Interaction

The compressor inlet-impeller interaction is cause by the distortion of flow at
the impeller inlet developed from the upstream inlet systems. There are three
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categories of inlet distortion including total temperature distortion, total pressure
distortion, and swirl distortion. Investigation of inlet total pressure and swirl
distortion started to draw research attention since the very early stages of gas turbine
engine applications. There is extensive research investigating the effect of those inlet
distortions with a variety of different patterns. The methodology that addressed inlet
total pressure distortion considerations for gas turbine engines was developed by the
S-16 Committee at the Society of Automotive Engineers (SAE) in 1983 and is
covered in Aerospace Information Report (AIR) 1419 [51]. Considerations for inlet
total temperature distortion on gas turbine engines were summarized and addressed
by the same committee in Aerospace Information Report 1429 [52].
Inlet swirl started to draw more attention as the applications of S-bend inlet
systems were introduced in both commercial and military aircrafts including the
Boeing 727, General Dynamics (now Lockheed Martin) F-16, McDonnell Douglas
(now Boeing) F/A-18, and Panavia Tornado. Investigations of flow structure and
swirl development in the S-

   







   

54]. Additionally, a few attempts to investigate the effect of inlet swirl on
compression system performance and stability were also carried out. Auleha [55]
studied the effect of inlet swirl on engine-intake compatibility in the application of
using S-bend engine inlets. Fottner et al. [56] developed an intake swirl generator and
investigated the effects from combinations of bulk swirl and twin swirl of varying
strength on the performance and compatibility of turbojet engines.
Within the past decade, there has been more research focusing on
investigation of inlet swirl distortion from the inlet systems for gas turbine engines
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used in unmanned aerial vehicles, auxiliary power units, and helicopters. Because of
the limited space for installation, the inlet systems for these applications usually
feature with one or multiple curved sections for flow turning. These inlet systems
were used in auxiliary power unit at first, and then obtained the name of APU-style
inlets. The curved sections in the APU-style inlet can generate strong swirl distortion,
in addition to total pressure distortion, at the engine inlet, which affects the engine
performance and operability. ShEOran et al. [57] designed a versatile and reliable
swirl distortion generator which was able to produce a wide variety of swirl distortion
patterns, and they also developed a validated CFD model for the purpose of a
compressor sensitivity study. Furthermore, numerical investigations of compressor
performance and operability with swirl distortion were carried out by Sheoran et al.
[58] using an in-house validated CFD model. The effect of different swirl patterns on
compressor performance was presented. Results showed a reduction in compressor
efficiency for all of the swirl patterns. Additionally, Davis et al. [59] carried out a
numerical investigation on the effects of bulk and twin swirl on compression
performance and operability. The predictions from CFD appear reasonable but could
not be validated due to the lack of experimental data.
With observations of effects from inlet distortion on compressor performance
and operability, it becomes important to understand the development of swirl from
such inlet systems. It is understood that the swirl distortion could be easily generated
from the curved sections used in the inlet system, and the fundamentals of flow
through a curved pipe have been studied for decades. Work by Dean [60, 61] could
be considered as a milestone in this field, where the secondary flow structures were
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first identified and explained, giving rise to the naming of the pair of counter-rotating
vortices in the cross-
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techniques

including hot-wire anemometry and Laser Doppler Velocimetry, more experimental
studies were carried out to understand the flow structure and evolution in bends and
to provide bench mark data for development and validation of new numerical models.
A wide variety of bends with different curvature ratios and cross-sectional shapes at
different Reynolds number were tested. The curvature ratio is defined as the ratio of
the mean radius over the distance between the inner radius and the outer radius.
Humphrey et al. [62, 63] investigated both laminar and turbulent flows in square
ducts with a strong curvature ratio of 2.3 by using Laser Doppler Velocimetry.
Results indicated that the outer wall had a destabilizing effect while the inner wall
provided a stabilizing effect. Enayet et al. [64, 65] studied the effect of curvature on
the intensity of secondary flow through the pipe bends. The results showed that the
flow was qualitatively similar at similar Reynolds numbers, while the intensity of
secondary flow in the moderately curved bend was weaker than that in the strongly
curved bend. Scudo et al. [66] studied the development of a steady turbulent flow in
a 90-degree bend with a square cross section using a single hot-wire probe. The
development of the primary flow was shown to be connected with a strong pressure
gradient between the inner and outer wall, and the secondary flow was concluded to
be caused by both the pressure gradient and the centrifugal force.
Despite the different curvature ratios or different operating Reynolds numbers
used in the previous studies, a similar flow pattern emerged. Specifically, the
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curvature influenced the flow upstream of the bend inlet, resulting in higher velocity
near the inner wall and lower velocity near the outer wall. At the exit of the bend, the
flow was redistributed, with higher velocity near the outer wall and lower velocity
near the inner wall. A sketch of the primary and secondary flow features for flow
   



 

   

gure 1.3. Additionally, a single pair or multiple

                       



vortices in laminar or low-speed turbulent flows and multiple pairs of vortices in
high-speed turbulent flows. The presence of two pairs of vortices was reported by
Enayet et al. [64, 65], and three pairs of vortical structures were observed by Liou et
al. [67].
All of these research used straight pipes to create a clean inlet flow condition
to the downstream bend. This greatly benefits both experimental design and
computational modeling. However, an inlet system in a real application is generally
made up of several components with complicated geometries in addition to the bent
rectangular duct. Of particular interest to the design of modern aircraft inlet systems
is the flow field generated by the circular-to-rectangular transition duct. Ducts with
changing cross-sectional area and shape from either circular-to-rectangular or
rectangular-to-circular are used in a wide range of engineering configurations. The
earliest experimental investigation of flow through circular-to-rectangular ducts was
carried out by Mayer [68]. The results showed that the length of the transition duct
played an important role in the flow development, and primary flow could be
significantly distorted by the pressure-driven crossflow. Later, Taylor et al. [69]
carried out measurements of turbulent flow in a square-to-round transition duct in
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1981 using Laser Doppler Velocimetry. Development of secondary flow with a
magnitude of up to 7% of the bulk velocity and 54% increment of boundary layer
thickness were observed near the corner fillets of the transition exit. In addition to the
experimental measurements, a computational study of complex inlet duct flows for
aircraft inlet systems was carried out by Towne et al. [70] in 1985 using a three
dimensional parabolic Navier-Stokes code. Both the effect from the curvature of the
diffuser centerline and effect from the change in transitioning cross sections on the
flow development was studied to determine the primary cause of flow distortion in
the duct.
With the successful application of non-axisymmetric nozzles in military
aircraft jet engine exhaust systems for the purpose of supermanueverability and
thermal plume reduction, the flow field inside the rectangular-to-circular transition
duct used between the jet engine exit and the non-axisymmetric nozzles became of
interest, and much research related to this topic was carried out [71-77]. Two
investigations of flow development in a circular-to-rectangular transition duct were
carried out by Reichert et al. [78, 79] in 1991. One study focused on the fluid
transport and mixing inside the transition duct by using an ethylene trace gas
technique. In the other investigation, experiments were performed for circular-torectangular transition duct flows with and without inlet swirl. Results show two pairs
of counter-rotating side wall vortices in the duct flow without inlet swirl, but these
vortices disappeared in the transition duct flow with inlet swirl. Those observations
indicate that the inlet condition played a significant role in the development of the
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secondary flow patterns through the circular-to-rectangular duct and should be
addressed while doing CFD simulations transition.
Although the flow in circular-to-rectangular transition ducts was widely
studied and the mechanisms of both the primary and the secondary flow development
inside the circular-to-rectangular transition ducts were well understood, there is no
research available in the open literature focusing on the effect of the circular-torectangular duct on the development of the flow in the downstream components of a
compressor inlet system.
1.3

Research Objectives

The objective of this work is to provide high fidelity experimental data for
flow in a high-speed centrifugal compressor and its APU-style inlet system. This task
is divided into two parts:
1. Development of research facility for operation of the APU-style inlet and
characterization of flow development in the inlet system.
2. Development of Single Stage Centrifugal Compressor Facility and
investigation of both steady and unsteady flow phenomena in the
compressor at the design condition.
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Figure 1.1: Flow Phenomena in a Low Speed Centrifugal Impeller [43].
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(a)

(b)

(c)
Figure 1.2: Sketch of Patterns of Impeller Exit Flow.
(a) Classic Jet-Wake Type Impeller Exit Flow, Eckardt [13]
(b) Backswept Impeller Exit Flow, Krain [14]
(c) Impeller Exit Flow with Large Tip Clearance, Abhari [33]
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Figure 1.3:    
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CHAPTER 2. CHARACTERIZATION OF FLOW DEVELOPMENT IN
AN APU-STYLE INLET

To study the flow in the APU-Style inlet, a research facility was developed
using a subcritical air ejector to flow the APU-Style inlet at the same Reynolds
number and Mach number as tested with a re    

   

access was reproduced. All the velocity measurements were carried out using a 3Component LDV system. The results showing flow development were presented. In
particular, the effect of asymmetries introduced in manufacturing of the circular-torectangular transition duct on the flow through the 90-degree bend in the APU style
inlet was investigated. The detailed LDV measurements provide a unique opportunity
to validate CFD models used to understand the effect of inlet distortion on
compressor performance, which can lead to more compact, robust inlet system
designs.
2.1

Preparation for Experiment

The experimental preparation includes development and tuning of the facility,
setup of the 3-component LDV system, and development of methodology for post
processing the data. A detailed description of hardware and control system is covered
in the facility development section. Additionally, tuning of the facility using a PID
control method is discussed. Afterwards, the setup of 3-component LDV system
together with different probe configurations used in the present study is discussed. At
last, the measurement locations and post-processing methodology are included.
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2.1.1

Development of Facility

The main components of the research facility consist of an APU-style inlet
and a subcritical air ejector flow system. Between the APU style inlet and the ejector,
    



   



   



 



 

connect the APU style inlet to the ejector. The APU inlet, rectangular duct, and the
transition duct are sitting inside the test cell, and the air ejector together with the
        

   

      

   

sketch of the research facility layout is shown in Figure 2.1, and a detailed list of all
parts is provided in Table 2.1
As to the components in the APU-Style inlet, the bellmouth used is a
calibrated standard long-radius nozzle with a beta ratio of 0.387 was used as the
bellmouth to measure the mass flow rate through the inlet. A short transition duct is
installed right downstream of the bellmouth to convert the circular pipe flow to
rectangular duct flow. Downstream of the short transition duct, a long transition duct




 

            

five struts inside the long transition duct to help guide the flow through the long
   

   

     end section is used to change the flow

direction. The APU-style inlet is supported both from the floor and the ceiling.
A new rectangular bend was designed and fabricated to enable optical access
    



       -style inlet. The flow path of the new

bend remains the same as that of the one provided by Honeywell. For the new bend,
there are optical windows made from polycarbonate on both the top and bottom sides
      

      

   gure 1 in the
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Appendix A. There are 8 pieces in the bend, where six pieces are made from
aluminum, and the other two pieces are the optical windows. All the aluminum pieces
were made from sheet metal. The inner radius wall and outer radius wall were bent to
achieve the required radii. The top and bottom frame for holding the optical windows
were water-jet cut, as were the flanges at the inlet and exit of the bend. All the
aluminum pieces were welded together to form the frame of the bend. Extremely high
bond 3M VHB multipurpose foam tape was used to bond the window to the frame.
There is quarter inch width overlap between the optical window and the aluminum
frame, and this value was chosen after performing a bend stress analysis using a
safety factor of 1.6. Two factors were taken into consideration when deciding the
thickness of the optical window: LDV measurements favor thin windows because of
the distortion to the laser beams caused by the window, but a thick window was
preferred for mechanical integrity. Quarter-inch thickness was selected after taking
both factors into consideration. Additionally, a surface treatment was applied to the
inner surfaces of the two curved walls to achieve the same level of surface roughness
between the reproduced bend and the original one.
The ejector system contains a subcritical air-air ejector manufactured by
Schutte & Koerting, the motive air supply, and the control system. The ejector
consists of three sections: a converging-diverging supersonic nozzle, a vacuum
chamber, and a venturi-shaped discharge pipe. The vacuum chamber and the venturishaped discharge pipe are welded together to form the body of the ejector, and the
supersonic nozzle sits inside the vacuum chamber. The ejector rests on a concrete slab
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outside of the lab and is supported using two customized frames which are rigidly
bolted down using concrete anchors.
The performance of the ejector is determined by the pressure level of the
supplied motive air, therefore, a motive air supply & control system was built to
control and adjust the operating condition of the APU inlet-Ejector flow system. The
schematic layout of the motive air supply and control system is shown in Figure 2.2.
There are two air lines of different pressure levels in the system: one is the 2200 psi
high-pressure line that supplies motive air to the ejector, and the other is the 100 psi
shop-air line that controls and adjusts the level of high pressure air entering the
ejector.
The 2200 psi high-pressure line contains a manually-controlled ball valve, an
inline filter, and a main dome-loaded pressure regulator. Once the manually
controlled ball valve is open, the high-pressure air flows through the filter and enters
the main pressure regulator, in which the pressure is reduced to the desired pressure
     



  

  

     

supersonic nozzle. Both upstream and downstream of the main regulator, pressure
transducers together with pressure gauges were installed to monitor the operation of
the ejector. A rupture disc rated at 565 psi is installed between the main regulator and
ejector motive air inlet to avoid overloading the ejector. The main pressure regulator
has a high flow capacity with a Cv = 6.0 and a maximum inlet pressure of 6000 psi.
The 100 psi shop-air line contains a manually controlled ball valve, a relief
valve, an inline filter, and a digital pressure controller. Similarly, once the ball valve
is at the open position, the 100 psi shop air flows through the relief valve, the inline
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filter, and then enters the digital pressure controller. The back pressure of the digital
controller was controlled using a computer at the control station outside of the test
cell. A pressure gauge was installed upstream of the relief valve to monitor the shopair pressure.
Communication between the 100 psi line and the 2200 psi line is achieved
using an intermediate air-loaded pressure regulator. The intermediate pressure
regulator is used to control the operation of the main regulator by changing the back
pressure of the digital controller. The supply air for the intermediate regulator is the
same as that for the main regulator, while the dome-loaded air for the intermediate
regulator is the back pressure of the digital controller. Finally, after the air leaves the
intermediate pressure regulator, it enters the dome of the main regulator to control the
opening of the main regulator.
To operate the APU inlet-Ejector system, motive air enters the supersonic
nozzle of the ejector and develops into a supersonic jet at the exit of the nozzle. This
supersonic jet creates a vacuum pressure inside the vacuum chamber, and the vacuum
pressure pulls the flow through the APU-style inlet.
The facility has been instrumented to monitor the overall performance of the
 

 

 

             

vacuum pressure. A total of five pressure transducers and one thermocouple are
installed in the facility, and the list of all the instrumentation is shown in Table 2.2.
To obtain the mass flow rate through the inlet, the test cell temperature is
measured using a T-type thermocouple located 3 pipe diameter upstream of the
bellmouth. The test cell total pressure is measured using a Kiel head total pressure
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probe, connected to a high-accuracy Mensor barometric pressure transducer ranging
from 13 to 15 psia. The bellmouth differential pressure is acquired using another
high-accuracy Mensor differential pressure transducer ranging from 0 to 1.5 psid. The
differential pressure is measured from the static pressure at the bellmouth throat, with
the test cell total pressure as the reference pressure. Both Mensor pressure transducers
have an uncertainty of ±0.01% full scale. The corrected mass flow rate through the
bellmouth is calculated using the two pressure readings according to the bellmouth
calibration curve as shown in Figure 2.3. The bellmouth corrected mass flow rate is
calibrated via the ratio of bellmouth differential pressure over the test cell total
pressure, and a third-order polynomial equation is used for the corrected mass flow
rate calculation.
The operation of ejector is monitored using two pressure transducers. The
ejector vacuum pressure is acquired with an OMEGA pressure transducer ranging 0
to 50 psia, and the ejector motive pressure is measured using another OMEGA
pressure transducer ranging 0 to 1000 psig. Additionally, a third OMEGA pressure
transducer with range 0 to 3000 psig is installed upstream of the main pressure
regulator to monitor the high pressure level in the storage tank, which was used to
indicate the remaining run time of the flow system. The static accuracy for all three
OMEGA pressure transducers is ±0.25%.
The data acquisition for the operation of facility is carried out using LabView
software. Figure 2.4 shows the flow chart for all the data acquisition devices used to
monitor and control the operation of the facility. All of the voltage signals from the
pressure transducers are first collected using a shielded National Instruments
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connector block of model SCB-68. Then, these analog voltage signals are digitized
using the NI PXI card of model 6224, which is hosted by a PXIe chassis of model
1073. At last, the digitized signal from the chassis is collected by the DAQ desktop
using another PXIe card of model 8375. The single temperature signal coming from
the T-type thermocouple is acquired using an Agilent Technologies 3498A
Multifunction Switch with a Model 34921 module that contains on-board cold
junction temperature compensation. The communication between the Tescom
ER3000 digital pressure controller and the DAQ PC is achieved using a serial COM
port. An RS422 to RS232 convertor is used to convert the RS422 signal out from the
digital pressure controller to the RS232 signal which is read by the DAQ PC. A
LabVIEW code is developed to control the operation of the facility and record the
acquired data. The mass flow rate calculation is also performed inside the code.
2.1.2

Tuning of Facility

A PID control method is used to maintain stable operation of the system, and
this is achieved by using a computer-controlled digital pressure controller of model
ER3000 from Tescom. The parameters of integral, proportional, and derivative
parameters (KI, KP, and KD, respectively) for the PID loop inside the controller are
programmable. A sketch showing the PID loop used in the present study is shown in
Figure 2.5. The first step of the PID loop is to set the target operating point, which is
the corrected mass flow rate through the APU inlet in the present study. Then, the
required differential pressure at the bellmouth to achieve the target corrected mass
flow rate is calculated according to the bellmouth calibration curve. In the third step,
the calculated value of the differential pressure along with the current measured
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differential pressure is fed to the digital pressure controller through the RS232 cable.
The deviation between the target differential pressure and the measured differential
pressure acts as the driving fact to either open or close the inlet solenoid valves inside
the pressure controller.
System tuning is required for all applications involved with PID control. In
the present study, the primary goal for the tuning process is to maintain the stable
operation of the APU-style inlet at desired corrected mass flow rates. Prior to
initiating the tuning process, a sensitivity test of the Inlet-Ejector system to different
sets of PID parameters was performed, and results showing the system response in the
time domain are shown in Figure 2.6. In Figure 2.6a, the sensitivity of the system to
the proportional parameter KP is shown. A total of four different KP values varying
from 25 to 200 were selected. The abscissa is the elapsed time in seconds, and the
ordinate is the corrected mass flow rate. As KP increases, the response time of the
system reduces significantly but the maximum overshoot increases. Furthermore, the
study of system sensitivity to the other parameters, K I and KD, on the system
performance was performed, and the results are shown in Figure 2.6b. A total of three
sets of PID parameters were chosen. The system overshoot is significantly reduced by
adding the derivative parameter using the PD control, while there is constant offset
between the measured mass flow rate and the targeted mass flow rate using the PD
control. At last, this constant offset was eliminated by adding the integral parameter
using PID control. At last, tuning of the system is carried out after the sensitivity
testing, and the final optimized set of PID parameters is chosen as KP=100, KI=9, and
KD=4600.
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Furthermore, both the overall performance and operational steadiness of the
APU inlet-Ejector flow system was investigated, and great effort was devoted to
reduce the APU flow unsteadiness by installation of screens downstream of the inlet.
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the flow system

overall performance and operational unsteadiness were studied. The location of the
screen is downstream of the APU-style inlet between the rectangular duct and the
transition duct. The screen layers were held together rigidly using two metal frames
and were sandwiched between the flanges of the long rectangular duct and the
transition duct.
The overall performance of the inlet-ejector system is characterized by the
relationship between the ejector motive pressure, ejector vacuum pressure, and the
APU inlet corrected mass flow rate.

Results showing the flow system overall

performance, and the effects from the screens are given in Figure 2.7.
Figure 2.7a shows the relationship between the APU-style inlet corrected
mass flow rate and the ejector motive pressure, and Figure 2.7b illustrates the
relationship between the APU inlet corrected mass flow rate and the ejector vacuum
pressure. Figure 2.7a shows that the facility is capable of providing flow through the
APU inlet at corrected mass flow rates from 1 lbm/s up to 5.5 lbm/s with supplied
motive pressure no larger than 550 psig. This is the case for all the four different
screen configurations. For a specific screen configuration, larger corrected mass flow
rates require higher motive pressures. The relation between the corrected mass flow
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rate and the motive pressure is not linear over the full range of the corrected mass
flow rate, and the slope of motive pressure over the corrected mass flow rate
increases as the corrected mass flow rate increases. For each specific corrected mass
flow rate, higher motive pressure is required as more layers of screens are used.
Furthermore, from Figure 2.7b, it is clear that, for each configuration, the vacuum
pressure drops as the corrected mass flow rate increases, and this is because it is the
vacuum that pulls the flow through the inlet. At a specific corrected mass flow rate, a
lower vacuum pressure is required for configurations of more screen layers, due to the
pressure losses as the flow travels through the screens.
In addition to the characterization of the overall performance for the system,
the flow steadiness was also evaluated at corrected mass flow rate of 5.0 lbm/s, and
the results in time domain are shown in Figure 2.8. Figure 2.8a shows the relative
unsteadiness in the measured corrected mass flow rate, and Figure 2.8b shows the
relative unsteadiness of the vacuum pressure. The relative unsteadiness of the APU
inlet flow is significantly reduced by using multi-layer screens, Figure 2.8a. The
maximum relative unsteadiness for the configuration without screens is 3.1%. This
value reduces to 2.5% for the configuration with one screen, and furthermore drops to
1.1% using the configuration with two screens. At last, the configuration with three
screens yields the minimum relative unsteadiness, and the value is below 0.6%.
To further explore the improvement made in the inlet flow steadiness by using
screens, the relative unsteadiness of the vacuum pressure in the ejector vacuum
chamber was investigated, and the results are given in Figure 2.8b. The relative
unsteadiness level in the vacuum pressure remains at a similar magnitude for all of
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the four different configurations, and there is no trend showing the reduction in the
relative unsteadiness of the vacuum pressure by adding the number of screen layers
used.
The comparison between the relative unsteadiness in the corrected mass flow
rate and the relative unsteadiness in the vacuum pressure indicates that the improved
quality of the APU inlet flow is not attributed to the unsteadiness reduction inside the
vacuum chamber, and it very likely arises from the significant damping added by the
installation of screens, which reduces the magnitude of the unsteady pressure
fluctuation as they propagate upstream.
2.1.3

Experiment Setup

Velocity measurements were carried out using a commercial 3-component
LDV system from Dantec Dynamics. It contains a 5.0 Watt Argon-Ion laser, an
optical transmitter, a BSA (Burst Spectrum Analyzer), a 3-D traverse system, the
BSA flow software, and a fog machine. A detailed list of the components is shown in
Table 2.3.
The laser used in the present study is a 4B-Class Argon-Ion laser from
Coherent with maximum nominal 5.0 Watts of power output when operated in
Continuous Mode. The laser system includes a laser head in which the plasma tube
rests, a power supply unit, and a remote controller. The laser head and the power
supply unit are separate modules, and they are connected by a bundle of tubes and
cables. The remote controller is connected to the power supply using an Ethernet
cable. A detailed list of the laser specifications is shown in Table 2.4. The laser power
requirements are 3-Phase, grounded 208VAC with maximum 45 A per phase. To
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maintain the normal operating temperature of the plasma tube, a water cooling loop is
    



        

         
   



     

Watts, and the spectrum covers wavelengths from 457.9 nm to 528.7 nm. The
diameter of the laser beam is 1.5 mm and the divergence angle is 0.5 mrad. The
power of the laser could be adjusted using the remote controller by changing the
value of the tube current.
The measurement of the 3-Component LDV system requires 3 pairs of laser
beams to resolve all three velocity components in the flow field. An optical
transmitter is used in the present study to split the single laser beam from the laser
head into three pairs of laser beams. The wavelengths for the three pairs of the laser
beams are 514.5nm (green), 488.0nm (blue), and 476.5nm (violet). Besides the beam
separation and beam splitting performed inside the optical transmitter, for each pair of
the laser beams, the frequency of one of the laser beams is shifted using a Bragg Cell
inside the optical transmitter. This allows the direction of the flow to be determined.
The 3-Component LDV system contains two probes: a 1-D probe and a 2-D
probe. The two probes could either be used separately to get 1-D or 2-D velocity
measurements or combined together to get 3-component velocity measurements.
There are two sets of front lenses with different focal lengths, 160 mm and 500 mm,
available to meet different application requirements. There are 2 pairs of laser beams
coming out of the 2-D probe, and the other single pair of the laser beams is coming
from the 1-D probe. A list of all probe parameters used in the present study is shown
in Table 2.5. The beam diameter, beam spacing, and the expansion ratio are the same
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for both configurations. The representative dimension of the measurement volume for
the probe configuration with the 500 mm focal length is 3.8 mm, and the
representative dimension for the 160 mm focal length configuration is 0.4 mm. By
comparing the   z y x, it is clear that the ellipsoidal measurement
volumes for both configurations are very flat, and this is the case because of the small
angles between the probes for both configurations. Despite the differences in the
measurement volume sizes between the two configurations, the numbers of fringes
are the same, and there are 22 fringes in all the measurement volumes for both
configurations.
In each LDV system, there is a burst analyzer to process the signal, and the
Burst Spectrum Analyzer used in the present study is Model F80. The maximum
frequency for the analyzer is 180 MHz, which enables the measurement of velocities
up to supersonic conditions. The maximum bandwidth of the analyzer is 120 MHz,
and this enables the measurement of highly turbulent flow. Another feature of the
analyzer is its synchronization option, and the measurement can be synchronized
using external analog signals.
To map the interested flow field, a 3-D traverse system is used in the present
study. The traverse enables linear movement in all the three directions, and the
dynamic range is 610 mm for all the three directions. The movement of the traverse is
driven by high-precision motors with a resolution of 6.25 µm and maximum speed of
25mm/s. A separate controller is used to control the position and movement of the
traverse.
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Also, a ROSCO Model 1700 fog machine along with the commercial ROSCO
fog fluid is used to generate the particles required for the LDV measurement. The
measured diameters of the particles from the fog machine are all under 1 µm, with an
average of 0.5 µm. The fog machine is remotely controlled using a controller with a
50 ft long cable. Both the volume rate of the particles and operation intervals of the
fog machine could be adjusted using the remote controller.
In addition to the hardware introduced above, the BSA software is required to
acquire and process the data, in addition to control the traverse system. In the present
study, the BSA software is installed on a separate computer at the control station
specifically for LDV data acquisition. A Flow chart showing the communication
between the DAQ computer and the LDV system is illustrated in Figure 2.9. There
are two types of communication between the DAQ computer and the LDV system.
The first one is between the BSA and the DAQ computer, and this is achieved using a
twisted Ethernet cable. The second one is between the DAQ computer and the 3-D
traverse controller, and this is achieved using a RS232 cable.
The 3-component velocity measurements are obtained by arranging all the
three measurement volumes from the two LDV probes coincident with each other. A
sketch of 3-Component LDV probe configuration is shown in Figure 2.10. The 2-D
probe measures the two velocity components in x-y plane, and the measurement for
the third velocity component, which is out of x-y plane, is measured using another 1-
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probe. The two velocity

components measured from the 2-D probe are orthogonal to each other, while the
third velocity measured from the 1-D probe would not be orthogonal to the other two

43
    



              

angle between the two probes for minimum uncertainty associated with the third outof-               

       

                       
when measuring near the wall.
Alignment is required for higher data rate and quality, and there are four steps
to perform including the Laser Alignment, Laser-Transmitter Alignment, TransmitterProbe Alignment, and Probe-Probe Alignment. The details for each step alignment
are shown in Appendix B.
2.1.4

Measurement Locations and Methodology

In th                 

     

operating condition, and all the measurements were carried out at designed corrected
mass flow rate with a Reynolds number of 4.0×105. The level of the turbulence
intensity at the center of the bellmouth inlet (downstream of the FOD screen) was
measured to be 3.29% with a confidence of 99.45%. A large sample size provides the
low measurement uncertainty of less than 0.1 ft/s for the turbulence calculation.
Velocity measurements at a total of 9 planes spaced between the center plane
and the top wall of the bend were performed to map the flow field in the top half of
          

 

  

  

    

locations of these planes were chosen relative to the position of the upstream struts.
Out of the 9 selected planes, three are right behind the upstream struts, and another
three are at the 50% span of the upstream flow passages. Measurements at those 6
planes were carried out at first. Furthermore, to increase the resolution of
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measurement in the spanwise direction, 3 more planes were added in addition to the
previous 6 selected planes, including two planes at the 25% span in the top two flow
passages and the third one at the 75% span in the first top flow passage.
For the measurements at each plane, four different probe configurations were
used to obtain full coverage of the plane, and a sketch of those probe configurations is
shown in Figure 2.12. Configurations (A) and (B) are used to measure the outer
radius wall side and the inner radius wall side of the bend. In those configurations, the
2-D probe is mounted vertically and the absolute angle between the two probes is set
to 20 degrees. The difference between the two configurations is the orientation of the
1-D probe. In the present study, the orientation of the 1-D probe for outer radius wall
side data measurement is considered as positive. As to the measurement of data in the
near-wall regions, Configurations (C) and (D) are used, in which, both probes are
positioned at an angle to the vertical direction. These configurations are needed
because of the limited optical access as shown by the window boundaries (in red) in
Figure 2.12. The outer radius wall data is measured using Configuration (C) and the
   

 



  



    

  



between the two probes is used for both Configurations (C) and (D). The probe
orientations in Configuration (C) are positive. In all four configurations, the 110mm
diameter front lenses with focal length of 500mm were used.
In addition to the measurements at those 9 z-cut planes, velocity


  

  

  

  

        

carried out in the top half of the bend. To better resolve the secondary flow structure,
each measurement plane consists of a total of 384 (16×24) measurement points,
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including 16 points along the radial direction from the inner wall to the outer wall and
24 points in the vertical direction from the top wall to the centerline. A total of 6
separate probe configurations were used to capture these data, and a sketch
illustrating these configurations is shown in Figure 2.13. Similar to the configurations
used in the measurement at the 9 planes in the top half, two separate configurations
(A and B) were used for both inner radius wall side data and outer radius wall side
data in the top half of the elbow at 40 and 80 degree planes. In both configurations,
the 110mm diameter front lenses with focal length of 500mm were used, and the
angle between the two probes was set as 20 degrees. Due to the limited height (32.5
inch) between the bottom wall of the elbow and the bedplate, four separate
configurations (from C to F) were used to map the overall flow field in the bottom
half of the elbow. The inner wall side data and the outer wall side data near the
centerline area were measured using configurations (C) and (D) with 110mm
diameter front lenses of focal length of 500 mm, while the measurements for the rest
of the data near the bottom wall area were carried out using configurations (E) and (F)
with 60mm diameter front lenses of focal length of 160 mm. In configurations (C)
  

  

 

        

used, while in configurations (E) and (F) that use 160mm focal length front lenses, a
          

In the present study, the three velocity components obtained from the two
LDV probes are non-orthogonal to each other. As a result, coordinate transformations
are required to cast the results in orthogonal velocity components. A total of two
coordinate transformations are required in the post processing. The first one is to
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transfer velocity components of U1, U2, and U3 from the 3 LDV channels to the
velocity components of Ux, Uy, and Uz in a Cartesian coordinate, and the second one
is to transfer velocity components of Ux, Uy and Uz in Cartesian coordinates to Vr, V,
and Vz in the Cylindrical coordinates. A sketch of the two coordinate transformations
is shown in Figure 2.14.
Figure 2.14a shows the projection of the two probes in y-z plane, and Figure
2.14b shows the projection of the two probes in x-y plane. The angle between the 2-D
probe and y-

  1,

the angle between the 1-D probe and the y-

  2,

and the

three velocity components from the two LDV probes are represented by the three
arrows with labels of U1, U2, and U3. Velocity U2, and U3 lie in the y-z plane, and
velocity U1 is perpendicular to the y-z plane. The equation for coordinate
transformation from U1, U2, and U3 to Ux, Uy and Uz is listed in Figure 2.14. As to the
transformation from Cartesian coordinate to cylindrical coordinate, Figure 2.14c
shows the relative orientation between the two coordinates. The same origin and zaxis are shared by both coordinates, and the difference is the orientation between the
R-

 



-y

plane, as shown in Figure 2.14d. The R-
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clockwise rotated with respect to the x-y plane. The equation for coordinate
transformation from Ux, Uy and Uz to Vr, V, and Vz is given.
2.2

Results and Discussion

A right-hand cylindrical coordinate was used, and the positive radial direction
   



   

 



   





direction points from the bend inlet to exit, and the positive z direction points from
the top wall toward the bottom wall. Additionally, non-dimensional normalized
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positions are used when presenting the data. The radial position is normalized with
the distance from the inner radius wall to the outer radius wall, where the position of
inner radius wall is zero and the position of outer radius wall is one. The position in
the z-direction is normalized using the half height of the bend. The position of top
wall is negative one, the position of center plane is zero, and the position of the
bottom wall is positive one. All the velocity results are normalized by the bellmouth
inlet bulk velocity.
2.2.1

Results from the R- 

Velocity measurements were carried out at the 9 selected R-  

 top

half of the bend. Figure 2.15 shows the results at z/h= -81%, -48%, and -16% planes.
The background color represents the mean tangential velocity, and the solid lines with
arrows represent the streamlines in the R- 





   s

deeper into the bend (closer to the centerline), the measurable area reduces because of
the increased area of optical window required by the probes. This explains the
reduction of measurement area at the planes closer to the centerline of the bend.
The flow fields at these planes are discussed together because they share the
same relative position to the upstream struts - they are all halfway between the struts.
However, the average momentum of flow at the inlet of these planes is different from
each other. The flow at z/h=-16% plane has the largest average momentum, the
average momentum of the flow at z/h=-48% plane is 18% less than at the z/h=-16%
plane. The average momentum of flow at the z/h=-81% plane is the smallest, which is
37% of the value at z/h=-16% plane. The difference in the average momentum for the
flow at each plane is caused by the non-uniform flow distribution at the bend inlet.
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The flow at the z/h= -81% plane turns well along the geometry, and the secondary
flow in the radial direction is very small. However, the streamlines at the z/h=-48%
and -16% planes deviate from the main throughflow and move from the inner radius
wall towards the outer radius wall. Additionally, reversed flow near the outer radius
wall at the inlet was observed for flow at the z/h=-81% plane from the effect of
boundary layer growth near the top wall. This reverse flow develops into a
recirculation zone at the corner between top wall and the outer radius wall. There is
no reverse flow observed at z/h=-48% plane and z/h=-16% plane. Furthermore,
accumulation of low momentum flow near the inner radius was observed at z/h= -16%
 

                

the bend inner radius wall indicates the existence of flow reattachment along the inner
radius wall at the z/h=-48% plane and z/h=-16% plane.
Figure 2.16 shows the results acquired at the planes located directly behind
the struts: z/h= -65%, -33%, and 0% planes. The mean tangential velocity contours at
these three planes are similar to the ones shown in Figure 2.15. At each plane, there is
a strong velocity gradient in the radial direction near the inlet of the bend, and the
flow becomes more uniform as it approaches the exit because of the mixing inside the
bend. However, the average momentum of the flow at the z/h=-65%, z/h=-33%, and
z/h=0% planes is smaller than those at the z/h=-48% and -16% planes. The average
momentum of the flow at the z/h=-65% plane is 20% less than that at the z/h=-48%
plane, and this value for flow at the z/h=-33% is 5% less than that at the z/h=-48%
plane. The average momentum for flow at z/h=0% is 17% less than the average
momentum of flow at z/h=-16%. This is because those planes are sitting in the wake
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regions of upstream struts. The streamlines for flow at all three planes show a
movement toward larger radii, proving the existence of secondary flow in the radial
direction for flow at all the three planes. A very small region of reversed flow at the
inlet near the outer radius wall was observed at the z/h=-65% plane, which was not
present for flow at z/h= -33% and 0% planes. Additionally, accumulation of low
momentum flow near the inner radius wall region close to the exit was observed for
flow at both z/h=-33% plane and z/h=0% plane, and the emerging of streamlines from
the inner radius wall indicate the phenomenon of flow reattachment.
Figures 2.17a and 2.17b show the results at the z/h= -57% and -73% planes.
The positions of the two planes are equally spaced above and beneath the first
upstream strut. Similarly, there is strong velocity gradient near the inlet and mixedout velocity distribution at the exit for the flow at both planes. The average
momentum of flow at the two planes are different, the value for flow at the z/h= -57%
plane is 23% larger than at the z/h= -73% plane. The streamlines for flow at both
planes deviates towards the outer radius, which indicates the existence of secondary
flow in the radial direction from inner radius wall towards the outer radius wall.
Figure 2.17c shows the flow at the z/h= -90% plane. This plane is the one nearest to
the top wall. The tangential velocity contour shows the similar trend to those in
Figure 2.17a and 2.17b. However, the streamlines at the z/h= -90% plane deviate
towards the inner radius wall, which indicates opposite secondary flow in the radial
direction from the outer radius wall towards the inner radius wall. Additionally, the
streamlines show the existence of reversed flow regions near the inlet for flow at both
the z/h=-90% plane and the z/h=-73% plane. The area of this reversed flow zone
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shrinks as the position of plane moves towards the centerline, and there is no reversed
flow observed at z/h=-57% plane.
Furthermore, the variation of momentum exchange rate, or mixing rate, as the
flow progresses through the bend is shown in Figure 2.18a. Both the power density
function and cumulative density function are shown as a function of position within
the elbow. The flow mixing rate decreases linearly as the flow moves towards to the
exit, and 69% of the overall momentum exchange happens in the first half of the bend.
Additionally, the variation of the secondary flow intensity is shown in Figure 2.18b.
The secondary flow intensity increases after flow enters the bend and reaches its peak
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   ts to slowly decay.

Results at the R-z Planes

Velocity measurements were carried out at constant-     
   

   



   

 

measurements from the 9 R-        e bend were interpolated
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other planes which were determined by interpolating data acquired including the 9 R        !

  

       

secondary flow velocity in the R-z plane, and the background color represents the
mean tangential velocity. The vector length represents the magnitude of the secondary
flow velocity, and the vector arrow indicates the velocity direction in the R-z plane.
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the flow
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is strong velocity gradient, on average -275.6/s, in the radial direction with high
momentum flow near the inner radius wall and low momentum flow at the outer
radius wall. The flow at inlet of the bend is nonuniform along the z direction, and this
is caused by the way the struts divide the flow in a nonuniform manner. There are two
jet-wake patterns in the top half of the bend, which are associated with the struts. The
   

  



     



  

Secondary flow in both radial and vertical directions is observed, moving high
momentum flow from the inner wall towards the outer radius wall.
As the flow turns inside the bend, the velocity gradient in the radial direction
reduces because of the mixing associated with the secondary flow. As a result, the jet!
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are washed out, as shown in Figure 2.19e through 2.19h. Furthermore, the
redistribution of the primary flow pattern is clearly illustrated by plotting results from
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the primary flow pattern in the radial direction has been switched, with the high
momentum flow near the outer wall and the low momentum flow near the inner wall.
Secondary flow in both the radial and z directions are observed as the flow
travels through the bend, and this secondary flow is caused by the pressure gradient
from the curvature effect. This secondary flow transports high momentum flow from
the inner wall toward the outer wall, with a vortex developing at the corner near the
top wall and the inner radius wall. This vortex stretches as the flow approaches the
exit the bend. As discussed in the previous section from results in Figure 2.20b, the
intensity of the secondary velocity first increases after the flow enters the bend,
  

 

    

     



 

towards the exit.
To better illustrate the secondary flow structure, contours of normalized
streamwise vorticity together with streamlines in the R-z plane are shown in Figure
2.20. The streamwise vorticity is normalized to the value at the midspan of centerline
     

  

     

    

 

  

normalized streamwise vorticity are observed, and this is the effect from the upstream
struts. The magnitude of vorticity along the strip reduces as the flow travels
   

 

  

 

    



 

development of the corner vortex between the top wall and the inner radius wall are
very well illustrated by the streamlines in Figure 2.20. The development of this vortex
starts right after the flow enters the bend, and it stretches in both the radial direction
towards the outer radius wall and vertical direction towards the centerline plane as the
flow travels further downstream.
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Figure 2.21 shows the growth of vortex as the flow travels through the bend,
where the abscissa is the tangential position represented by theta in degrees, and the
ordinate is the percentage of area occupied by the vortex. It is clear that the vortex
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a lower rate, and the vortex occupies up to 52% of flow path as the flow reaches the
  
Furthermore, 3-D streamtraces were plotted for illustration of vortex
development inside the bend, as shown in Figure 2.22. The grey solid lines represent
the f 
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displayed to help trace the relative position of the streamtraces. A rake of 24 seeding
particles were put at the inlet of the bend and generates 24 streamtraces, which are
represented by those solid black lines with arrows. The arrows indicate the moving
directions of the streamtraces. Due to the pressure gradient and bend curvature, the
traces of the seeding particles did not stay in a flat plane, but were heavily clockwise
twisted as the particles approaches to the exit of the bend. These streamtraces form a
curved surface, which illustrates the vortex development inside the bend.
2.2.3

Flow Variability Results

During the course of this research, it was discovered that what may be
considered to be minor asymmetries in the as-manufactured circular-to-rectangular
(CTR) transition piece results in very different flow fields in the rectangular bend.
The CTR duct used in the present study contains two sections welded together: a pipe
diffuser section and the transition section. The pipe diffuser section is made from a
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single piece while the transition section is made from two pieces, with each piece
bent to shape from sheet metal and welded together. To quantify the asymmetry in the
circular-to-rectangular transition duct, the as-manufactured cross-sections were
measured using a Coordinate Measuring Machine at 15 positions in the streamwise
direction. The axial location and geometric asymmetry are shown in Figure 2.23.
Figure 2.23a shows the cross view of the short transition duct, with locations of the
15 measurement planes indicated including 4 scanned planes in the pipe diffuser
section and 11 scanned planes in the transition section. Figure 2.23b represents the
geometric variation for each plane.
The relative geometric variation of each scanned plane is quantified using:

 ri ,m  ri ,t 
(2.1)


 ,
ri ,t 
i 1 
               
1
N

      

N

2

number of scanned points, ri,m is the distance of ith scanned points from origin, ri,t is
the distance assuming the geometry is symmetric, as calculated from:
1
rm,0 # rm,90 # rm,180 # rm,270 ! ,
(2.2)
4
where subscript 0, 90, 180, 270 represents the orientation of the four counterpart
rt

"

scanned points. The maximum geometric nonuniformity is 3.67%, and the minimum
value of calcualted geometric variation is 0.62% at Plane 13.
The effect of the asymmetry on the flow field is shown by running the inlet
system in three different configurations:

Configuration A is the baseline

$ %$ &       %'( $   )*+ ,  
 %$ %      

%'( $   )*+ $  ockwise

from Configuration A. A sketch of the three configurations is shown in Figure 2.24.
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configurations upstream of the bend. In Figure 11a, similar primary flow patterns
exist in

    

     

    

 

are two jet regions, as indicated with the red box, associated with the strut wakes.
Additionally, a strong velocity gradient in the radial direction exists, with high
momentum flow near the inner radius wall and low momentum flow near the outer
radius wall. There is a strong momentum exchange in the radial direction in both the
top half and bottom half of the bend. High momentum flow is moved from the inner
radius wall towards the outer radius wall, and a pair of vortices is observed in the
regions near the top wall and the bottom wall. Despite the similar primary flow
patterns and secondary flow patterns shared between the top half and the bottom half
of the bend, the two flow fields were not strictly symmetric relative to the centerline

    

              -to-square

transition duct. The average momentum of the flow in the top half of the bend is 43%
larger than that in the bottom half of the bend. The maximum momentum is observed
in the top half of the bend close to the inner radius wall and near the centerline, while
the minimum momentum is observed in corner between the outer radius wall and the
bottom wall. As to the differences in the secondary flow between the top half and the
bottom half of the bend, the area-averaged magnitude of secondary flow in the top
half is 20% larger than that in the bottom half of the bend.
For configuration B, the measured flow field in the top half is much different
from the flow field in the bottom half, as shown in Figure 2.25b. In the top half, two
strong jet flow regions in the primary flow direction are observed, while the flow in
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the bottom half is mixed out well and no such jet regions are detected. The difference
in the loading between the top half and the bottom half of the bend increases after
switching to Configuration B. The average momentum of flow in the top half of the
bend is 147% larger than that in the bottom half of the bend. Because of this large
difference in the average momentum of flow between the top half and the bottom half,
there is a strong exchange in flow momentum across the centerline between the top
half and the bottom half of the bend. The pressure gradient and centrifugal force in
the radial direction drives the high momentum flow moving from inner radius wall
towards the outer radius wall. This is the case for both the flow in the top half and the
bottom half of the bend. Additionally, the difference in the loading between the top
half and the bottom half acts as another driver of secondary flow and circulates flow
between the top half and the bottom half of the bend.
The results for Configuration C are shown in Figure 2.25c. The flow field in
the top half of the bend is quite different from that in the bottom half of the bend.
There are two jet flow regions in the bottom half of the bend. Only one, albeit much
attenuated, jet region is observed in the top half. There is a large difference in the
loading between the top half and the bottom half of the bend, with 128% higher
average momentum for flow in the bottom half. This difference in the loading,
therefore, drives a secondary flow moving from the bottom half towards the top half.
In addition to the momentum exchange between the top half and the bottom half,
there is a strong secondary flow in the radial direction as well. The pressure gradient
and centrifugal force from the curved geometry drives the flow of high momentum
away from the inner radius wall towards the outer radius. There are significant
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which the only difference is the orientation of the upstream short transition duct.
There are four regions of jet flow observed in configuration A, two in the top half and
the other two in the bottom half. In configuration B, there are only two jet flow
regions observed and both of them are located in the top half. These two jet flow
regions move to the bottom half of the bend in configuration C, leaving only one
much attenuated jet flow region in the top half. The locations of these jet flow regions
are different from configuration to configuration. In configuration A and C, they are
near the inner radius wall and shift towards the outer radius wall in configuration B.
Additionally, the difference in the loading between the top half and the bottom half of
the bend changes from configuration to configuration. In both configuration A and B,
the flow in the top half has more momentum than that in the bottom half, however,
the loading difference between the top half and the bottom half for configuration B is
larger compared to that in configuration A. The flow with larger momentum moves to
the bottom half of the bend in configuration C.
In a   
   

              

 



 

   

  

 

configurations, and the results are shown in Figure 2.26. In Figure 2.26a, the flow at
    configuration A becomes evenly loaded between the top half and the

bottom half of the bend, with slightly higher momentum of flow near the outer radius
wall and lower momentum of flow near the inner radius wall. The velocity gradient in
the radial directio 
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approaches the exit of the bend. Additionally, the secondary flow intensity decays as
the flow approac      

    -rotating vortices is observed for

                         
           
2.2.4

    

     

Discussions

A generalized description of the flow through the bend is provided in this
section taking into account the previously presented results. The flow at the inlet of
the bend is affected by both the upstream geometry of the CTR transition duct and the
upstream-propagating potential field of the bend. Figure 2.27 illustrates the flow
through the bend for Configuration A, the most symmetric configuration, and Figure
2.28 illustrates the flow through Configuration C. For both cases, the potential field
causes high momentum flow near the inner wall, low momentum flow near the outer
wall, and outward secondary flow at the bend inlet, as shown by the sketches in
Figure 2.27a and Figure 2.28a. For configuration A, the average momentum in the top
half of the bend is similar to that in the bottom half of the bend and with four high
momentum flow regions are present, Figure 2.27b. However, for configuration C, the
flow is not distributed evenly between the top half and the bottom half of the bend,
and this flow imbalance creates an upward velocity, as shown in Figure 2.28b. As a
result, the bend inlet flow in configuration A is the superposition of flow in Figure
2.27a and 2.27b and is illustrated in Figure 2.27c. Similarly, the bend inlet flow for
configuration C is superposition of flow in Figure 2.28a and 2.28b, and the result is
shown in Figure 2.28c.
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In both configurations, strong mixing occurred as the flow travels through the
bend, and the primary flow patterns are redistributed such that the flow at the bend
exit is similar regardless of the different inlet profiles. There is high momentum flow
near the outer wall and low momentum flow near the inner wall. Additionally, a
vortex pair develops as the flow reaches the bend exit. In configuration A, a vortex
pair is present at the exit of the bend, Figure 2.27d. For Configuration C which
features larger levels of asymmetry, the vortex pair is offset from the centerline, as
shown in Figure 2.28d.
2.3

Summary

A research facility for the purpose of experimental investigation of the flow
field inside an APU-style inlet was developed at Purdue University. A subcritical air
ejector was used in the application to keep the low cost for operation and maintenance.
Furthermore, the flow field inside a rectangular-sectioned 90-degree bend of an APUstyle inlet was characterized using a 3-Compnent LDV system. The results show the
existence of strong secondary flow in the bend, and the development of vortex at the
exit of the bend.
The next step is to test the APU-style inlet in real engine environment, with a
high-speed centrifugal compressor in this application, to study the effects of the swirl
distortion from the inlet system on compressor performance and operability. This part
of content is covered in chapter 3, 4, and 5.
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Motive Air Supply & Control System

APU-Ejector Flow System

Table 2.1: List of Facility Main Components
Model #

APU Inlet

S/N 2

Elbow with Optical
Windows

n/a

Rectangular Duct

n/a

Steel

Kelly Group

Transition Duct

n/a

Steel

Kelly Group

10" Elbow

n/a

Steel

Kelly Group

Air Ejector

n/a

Steel

Schutte & Koerting

FloSource Triac 24

316 SS

SVF Flow Controls

316 SS

Tescom

Stainless
Steel

Norman Filter
Company

Brass

Tescom

n/a

Tescom

Stainless
Steel

Norman

1-1/2" High Pressure
Ball Valve
Main Dome Loaded
Pressure Regulator
Main Air Filter
Intermediate Pressure
Regulator
Digital Pressure
Controller
Inline Filter

Tescom
26-126A-2162-076
Norman
4523AG-20DL
Tescom
26-2015D24A270
Tescom
ER3000SV-1
Norman
4210T-2M-4T

Material

Manufacturer/
Vendor

Description

Stainless
Steel
Aluminu
m

Honeywell
Kelly Group

100 psi relief valve

n/a

Brass

McMaster

Rupture Disc

n/a

316 SS

BS&B Safety
Systems

Plumbing Accessary

n/a

SS/Brass

Ferguson
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Table 2.2: List of Facility Instrumentation
Description

Apparatus

Range

Unit

Location

Test Cell Total
Temperature
Test Cell Total
Pressure
Bellmouth
Differential Pressure
Regulator Upstream
Pressure
Regulator
Downstream
Pressure
Ejector Vacuum
Pressure

T type
thermocouple
Mensor
Transducer
Mensor
Transducer
Omega
Transducer

0-100



Bellmouth Upstream

13-15

psia

Bellmouth Upstream

0-1.5

psid

Bellmouth Throat

0-3000

psig

Main Regulator
Upstream

Omega
Transducer

0-1000

psig

Main Regulator
Downstream

Omega
Transducer

0-50

psig

Ejector Vacuum
Chamber
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Table 2.3: List of Major Components for LDV System
Item No.

Description

Qty

9050X0201

Mounting Bench, Straight 1800 mm

1

9062N4221

BSA F80 Flow Processor
upgraded for 2 Probes

1

9062S0101

BSA Flow Software

1

9060X0411
9060X0242
9060X0624
9060X0634
9060X0702
9050X0581
9060X0451
9060x0441
9138A6001
9050X0291
9041T033
9041T019
20051700RDMX

Transmitter for Fiberflow Inc.
Bragg Cell and Color Sep.
Fiber Manipulator
with X, Y and Angular Adjustment
1D Probe, 60mm Diam.
2.2 mm Beam Diam. 10 m Cable
2D Probe, 60mm Diam.
2.2 mm Beam Diam. 10 m Cable
Front Lens, 60mm, f=160mm
Front Lens, Achromatic,
110 diam., f=500 mm
Probe support incl. Rotation Tilt,
Trans. Excl. Probe Mount
Probe Support, Rotation Excl. Probe
Mount
Innova 70C-5 Watt Argon Laser
Mounting Bench, 1000 mm,
for LDA and PDA Probes
3D Traverse Mechanism , 610mm in
X, Y, Z
3D Traverse Controller.
100-250VAC, 50/60Hz
Rosco Model 1700 Fog Machine,
with Remote Controller

1
6
1
1
2
2
1
1
1
1
1
1
1

Vendor
Dantec
Dynamics
Dantec
Dynamics
Dantec
Dynamics
Dantec
Dynamics
Dantec
Dynamics
Dantec
Dynamics
Dantec
Dynamics
Dantec
Dynamics
Dantec
Dynamics
Dantec
Dynamics
Dantec
Dynamics
Dantec
Dynamics
Dantec
Dynamics
Dantec
Dynamics
Dantec
Dynamics
ROSCO
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.
Table 2.4: 4 Laser Specifications
Innova 70C-5

Laser Type

Aron-Ion

Operation Mode

Continuous

Maximum Output Power

6.00 W

Bore Configuration

Tungsten disk with one piece ceramic
envelope

Plasma Tube Cooling

Conductively water-cooled

Resonator Construction

Anodized aluminum

Input Power

3-phase with ground, 208±10% VAC,
50/60 Hz 45 A per phase @ 208 VAC
16 kW maximum power consumption

Spectrum

Cooling Water

Laser Model

Flow Rate

2.2 gal/min

Incoming
Temperature

50-  

Pressure

25-80 psi

Heat Load

850 BTU/min (14.5 kW)

514.5 nm

1.70 W

488.6 nm

1.30 W

476.5 nm

0.5 W
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Table 2.5: Probe Parameters for Different Configurations
Beam Wavelength, nm

500 mm Probe Configuration

160 mm Probe Configuration

Configurations

Parameters
514.5

488

476.5

Beam Diameter, mm

2.2

2.2

2.2

Beam Spacing, mm

38.94

38.54

38.44

Focal Length, mm

159.8

159.8

159.4

Beam Angle, deg

13.89

13.75

13.75

Expand Ratio

1.00

1.00

1.00

  

0.3934

0.3770

0.3672

 mm

0.0476

0.0451

0.0440

 

0.0479

0.0455

0.0443

Fringe Spacing, µm

2.1270

2.0381

1.9902

No. of Fringes

22

22

22

Beam Diameter, mm

2.2

2.2

2.2

Beam Spacing, mm

38.94

38.54

38.44

Focal Length, mm

500

500

500

Beam Angle, deg

4.46

4.41

4.40

Expand Ratio

1.00

1.00

1.00

  

3.8263

3.6668

3.5897

 

0.1489

0.1412

0.1379

 

0.1490

0.1413

0.1380

Fringe Spacing, µm

6.6113

6.3358

6.2025

No. of Fringes

22

22

22
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Figure 2.2: Motive Air Supply and Control System
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Figure 2.3: Bellmouth Calibration Curve

Figure 2.4: Data Acquisition Flow Chart
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Figure 2.9: LDV Data Acquisition Flow Chart
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Figure 2.12: Probe Configurations for Measurements in Top Half Planes

Figure 2.13 : Probe Configurations for Flow Variability Investigation

74

Figure 2.16: Results of R-  

- 65%, b) z/h = -33%, c) z/h = 0%.

Figure 2.17: Results of R-  (a) z/h = -57%, (b) z/h = -73%, (c) z/h = -90%.

Figure 2.18: Plots of Momentum Exchange (a) and Secondary Flow Intensity (b).
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Figure 2.19: Vector Fields at R-z Planes
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Figure 2.20: Streamwise Vorticity Fields at R-z Planes

Figure 2.21: Growth of Vortex Area
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Figure 2.22: 3-D Streamtraces in the Top Half of the Bend

(a)

(b)
Figure 2.23: Location (a) and Geometric Variation (b) of the Scanned Planes
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Figure 2.24: Configurations for Flow Variability Study
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Figure 2.25

 



 



Figure 2.26
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CHAPTER 3. DEVELOPMENT OF THE SINGLE STAGE CENTRIFUGAL
COMPRESSOR FACILITY

This chapter details the development of the Single Stage Centrifugal Compressor
(SSCC) research facility. The compressor studied in this project is a Honeywell
experimental compressor that has been specifically outfitted with a variety of
instrumentation for research purposes.
3.1

Supporting Infrastructures

The layout of the SSCC Facility is shown in Figure 3.1 with key components
indicated. The major components include an AC electric motor, a gearbox, an exhaust
plenum with shaft housing, a Honeywell centrifugal compressor, and an inlet system. The
specifications of the primary components are summarized in Table 1.
An ABB motor is used to drive the facility. It delivers 1400 horsepower at its max
speed of 1792 rpm. The motor is powered by a variable frequency drive (VFD) with a
maximum voltage output of 480 VAC at 60 Hz, and its speed is controlled to within 0.01%
accuracy with feedback control from shaft encoder. The VFD is liquid-cooled through a
water-glycol mixture supplied by an outdoor chiller. The temperature of this liquid
coolant is closely monitored to ensure that no condensation occurs inside the drive unit.
The AC motor has a 1000:1 constant torque rating of 1400hp over a speed range from
1.792 to 1792 rpm.
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The gearbox used in this facility has been designed and manufactured by Cotta
Transmission Company. The overall gear ratio is 30.46:1 and has a maximum output
speed of 54,000 rpm. The low-speed shaft interfaces with the output of the motor through
a gear coupling, and the output interfaces with a coupling in the exhaust plenum through
a crowned shaft spline. There are three shafts inside the gearbox to achieve the overall
gear ratio: the low-speed shaft, the intermediate speed shaft, and high-speed shaft. The
low-speed shaft is connected to the motor shaft via a gear coupling, and it has a single
gear with a tooth count of 88. The intermediate shaft interfaces with both the low-speed
shaft and the high-speed shaft and has two sets of gears. The one that interfaces with the
low-speed shaft has a tooth count of 29, and the other one that interfaces with the highspeed shaft has a tooth count of 261. There is a single gear for the high-speed shaft with a
tooth count of 26.
The exhaust plenum used in the facility is provided by Honeywell. It collects the
exit flow axially from the compressor deswirl using three exhaust tube housings equally
spaced in the circumferential direction. The exhaust plenum is throttled by rotating an
annular disc using a TRITEX II AC linear actuator. The linear actuator has 100 mm of
dynamic range and is capable of equally and simultaneously adjusting the flow area of
each exhaust tube from fully closed to fully open. The throttle is controlled by a joystick
with a resolution of 0.1%, and its position is monitored via a feedback signal from
potentiometer. The joystick features two-speed control and a fast-open of the throttle. The
two-speed control allows the throttle position adjustment at fast or slow pace, and the
fast-open button actuates the throttle from fully closed to fully open in less than one
second to protect the compressor from operating too long in surge. The flow downstream
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of the throttle is collected in the annulus of the exhaust plenum and ejected outside of the
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inlet to prevent recirculation of hot air into the facility inlet. The exhaust pipe is well
insulated throughout its length both to protect instrumentation and minimize temperature
gradients developed within the test facility. Additionally, the exhaust houses a shaft
coupling that mates the crowned-shaft with the compressor rear shaft. The shaft coupling
is designed to isolate the compressor vibration from other vibrations including gearbox
vibration and motor vibration.
The centrifugal compressor stage consists of an unshrouded impeller, a vaned
diffuser, a bend, and deswirl. The centrifugal compressor stage is a representative design
with a total pressure ratio of 7.1 operating at design speed of 44750rpm. The compressor
is cantilevered off the exhaust plenum. One key feature of the compressor is the active
control of the clearance between impeller and shroud. A high precision stepper motor is
used to actuate the rotating group in the axial direction at resolution of 0.0001 inch. This
feature is important for research in high-pressure-ratio and high-speed compressors as the
clearance varies significantly between loading conditions due to the thermal growth and
centrifugal forces.
There are two distinct inlet configurations used in the facility including an APUstyle inlet, as shown in Figure 3.1, and an axisymmetric inlet system. The APU-style inlet
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flow exits from the APU-style inlet enters a scroll that collects flow circumferentially and
delivers to compressor inlet.
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An axisymmetric inlet configuration will be used to compare the compressor
performance between typical field conditions as operated by the APU inlet and optimal,
uniform flow inlet conditions provided by the axisymmetric inlet. The axisymmetric inlet
system includes an inlet nozzle, a Venturi flow meter, 8 inch diameter pipes, and an
axisymmetric inlet plenum. The sketch of the axisymmetric inlet plenum together with
compressor is shown in Figure 3.2.
3.1.1

Axisymmetric Inlet Configurations

An axisymmetric inlet system was designed and fabricated to provide uniform
inlet flow to the compressor. The flow is drawn into the inlet plenum through an inlet
nozzle and 8 inch diameter pipes. The inlet nozzle is an ASME standard long radius
nozzle with beta ratio of 0.5. The inlet pipes are made of 8 inch diameter SCH 40 straight
pipes and a long radius 90 degree elbow. A calibrated ASME standard Venturi flow
meter is used to measure the flow rate through the axisymmetric inlet system.
The Venturi flow meter was designed following the guidance in ASME PTC
19.5-2004. It provides accurate flow rate measurements from 2.0 lbm/s to 5.5 lbm/s. The
major dimensions of the flow meter are shown in Figure 3.3. The flow meter is four feet
long and has four sections including the straight inlet, convergent-throat section,
divergent section, and straight exit. The four sections are welded together. The inlet
section is a SCH 40 pipe with an inner diameter of 7.981 in. and length of 9.981 in. There
are four 0.185-in. holes located 5.991 in. from the meter inlet. They are equally spaced in
the circumferential direction and serve as high-side static pressure measurement for the
flow meter. The convergent- 

 

 

  

  

 

   

convergent angle and a throat section of 5.696-in. diameter. The length of the throat
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section is the same as its inner diameter. Four 0.185-in. holes are located in the middle of
the throat section and serve as the low-side static pressure measurement. The divergent
   





                -

inch diameter with length of 3.703 in. The flow meter is connected with the upstream and
downstream pipes via two SCH150 8-in. flanges.
Furthermore, the Ventrui meter was calibrated to improve its accuracy for flow
rate measurements. The calibrated throat Reynolds number ranges from 4.44×105 to
1.23×106, which covers the full range of flow rates for this facility. The variation in the
calibrated discharge coefficient is within its uncertainty, and thus could be treated as a
constant value over the full range of flow rate. The calibrated discharge coefficient is
0.990 with relative uncertainty of 0.49% over the full range of calibration. Additionally,
the expansion factor was calibrated, and the results are shown in Figure 3.4. The abscissa
is P2/P1, in which, the P2 is the low-side static pressure at the flow meter throat, and P1 is
the high-side static pressure at the flow meter inlet. The ordinate is the calibrated
expansion factor. The calibrated expansion factor shows a linear relationship to the static
pressure ratio. The relative uncertainties in the expansion factor are within 0.30% after
calibration. Above all, the relative uncertainties in the measured flow rate are reduced
from 1.2% to 0.7% after performing the calibration.
An ASME long-radius nozzle was used to draw air through the inlet pipes. The
geometry of the inlet nozzle was based on standards from ASME PTC 19.5-2004, and the
cross section drawing of the nozzle is shown in Figure 3.5. The nozzle has a throat
diameter of 7.981 in. and beta ratio of 0.5. The design features a flat entrance, a curved
section, and a straight section. The curvature of the nozzle follows an ellipse, which is
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dependent on the throat diameter and beta ratio. A short straight section is added to
straighten the flow. The nozzle is CMM machined as one piece. Aluminum alloy was
selected as the material of the inlet nozzle to reduce the machine cost.
The axisymmetric inlet plenum consists of four sections: a wide-angle diffuser, a
flow spreader, and two sectional plenum chambers, as shown in Figure 3.2. The first
section is a wide-   



       

 

 

8-in. diameter pipe to the downstream 36-in diameter plenum chamber. The transition
from the 8-in. diameter pipe to 36-in diameter plenum is so abrupt and would cause flow
separation. Thus, to avoid separation, a flow spreader has been incorporated. The
spreader is a perforated cone with approximately two thousand 0.56-in diameter holes.
The size and position of the holes are determined to keep a constant porosity of 0.22, thus,
the equivalent open area of the wide-    





 





divergence angle. The spreader reduces the large-scale turbulence of the upstream air by
spreading the upstream single jet into thousands of uniformly distributed small jets.
The air leaving the wide-angle diffuser enters the first 36-in. diameter plenum
chamber. There are two honeycomb-screen sets installed in the plenum chamber. The
honeycomb is 2-in thick with 0.25-in holes, thus, the length is between 5-10 cell
diameters and ensures proper annihilation of turbulence in the lateral direction. The
positions of the two honeycomb-screen sets are adjusted to uniformly divide the section
of plenum chamber. The conditioned flow leaving the first 36-in. plenum chamber is
further settled in the second plenum chamber and then delivered to the compressor inlet.
There are four flat windows at the rear part of the second plenum chamber to
provide optical access for future LDV measurements in the compressor inlet housing.
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The dimensions of the windows are 5.5-in wide by 6.5-in long by 0.25-in thick. They are
 

  

  

  

  



 

flanges on the plenum. Figure 3.6 shows the recommended configuration of LDV probes
and resulting measureable area using these windows. It is recommended that each probe
shines through a separate window, and the measurable area is highlighted in yellow.
Modifications were made to the plenum-compressor interface for optical access of
LDV probes to the flow at the inlet housing. Both the previous and modified
configurations are shown in Figure 3.7 with modified parts highlighted in red color. The
same Inlet Tank Adapter Plate, diagram, and Backing Ring B are used. However, a new
design of Backing Ring A and Adapter Ring is used in the modified interface.
3.1.2

Facility Oil System

There are two separate oil systems in the facility that independently lubricate and
cool the gearbox and compressor loops, as shown in Figure 3.8.
For gearbox lubrication, the hot oil is pumped directly from the reservoir at the
bottom of the gearbox to two air-over-oil heat exchangers using a gear pump of flow rate
of 44gpm. A temperature-controlled three-way vale with a bypass loop back to the
gearbox is installed upstream of the heat exchangers. The exit oil from the three-way vale
   

               



The valve automatically adjusts the percentage of oil that passes through the heat
exchangers to maintain the constant oil temperature supply to the gearbox. A pressure
relief valve is installed just downstream of the boost pump to protect the downstream heat
exchangers from over-pressuring during operation. The set pressure of the relief valve is
adjustable, and it is set at 150 psig. The pressure of the exit oil from heat exchangers is
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regulated down to the desired range before it enters the gearbox distribution manifold
using a manually adjustable regulator. An oil filter is installed just upstream of the
manifold to eliminate debris. The oil in the manifold is distributed through 7 separate oil
jets for gearbox lubrication. A relief valve with a pre-set pressure of 30 psig is installed
on the manifold to avoid over-pressuring the gearbox manifold and oil jets. The pipes
used for the plumbing of the gearbox oil system are 1.5-in standard diameter.
A boost pump powered by a variable frequency drive is used to actively control
the pressure supplied to the compressor oil system, as shown in Figure 3.8. The variable
frequency drive is remotely controlled using a controller installed at the control station,
and it is capable of controlling the boost pump speed from 0 rpm to 1800 rpm at
resolution of 1 rpm. The pump draws oil from a 30 gal tank that collects the return oil
from compressor bearings. The oil exits the pump and enters an outdoor heat exchanger
for cooling and then returns to an electrical inline heater mounted on the side wall of the
test cell. The oil in the heater is heated up

  











forward bearing, aft bearing, and shaft housing through three separate loops. Additionally,
a bypass loop is set using a three-way valve that can redirect the heater exhaust oil back
to the reservoir for efficient heating during the start-up process. The requirements of the
oil pressure and flow rate to the compressor forward bearing, aft bearing, and shaft
housing are each different. As a result, each oil supply loop to the compressor is equipped
with a specifically sized pressure regulator and relief valve. Additionally, oil filters are
installed in each supply loop to ensure the supply oil to the compressor is clean. The
compressor return oil is drained back to the reservoir using 6 separate scavenge lines,
including two for the forward bearing, two for the aft bearing, and two for the shaft
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coupling. Each scavenge line is driven by a separate gear pump with 4.0 gpm oil drain
capability. Additionally, there is one sightglass and one magnet-style metal collector
installed in each return line for visual inspection. Standard pipes with 0.5-in diameter are
used for the plumbing of the compressor oil system. Stainless steel reinforced flexible
hoses are used to route the supply oil into and out of the compressor.
At last, a stand-alone cart from Aerodyne is used to cool and lubricate the slip
ring assembly. The cart is equipped with two separate loops. The circuit and brushes
inside the slip ring section are cooled by Novec. The coolant loop is driven by a 24VDC
pump, and the coolant flow rate is adjusted using a needle valve. There are two types of
bearings used in Aerodyne slip rings: grease-pack bearing and oil-air mist lubrication
bearing. The slip ring used in the present study has oil-air mist lubrication bearings. The
oil-air mist is generated from a separate line mounted on the side of the slip ring cart. It
includes an air filter, air regulator, and an oil-air mist generator. Both air pressure and
number of oil droplets are adjustable to meet different operating requirements.
Automatic shut-down trips were set up using 7 mechanical switches in case of
failure in the facility oil system. There is one pressure switch and one temperature switch
installed in the gearbox manifold, and the motor will automatically shut down if either
the supply oil pressure drops below 18 psig or the supply oil temperature rises above 135
  



  

 



 

-air

mist line and one flow switch in sip

ring coolant line to avoid any damage to the slip ring due to the lack of coolant or oil-air
mist supply. The pressure switch is set at 35 psig falling edge and the flow switch is set at
0.5 gpm falling edge. Additionally, three pressure switches were installed in the supply
oil lines to the compressor, with forward and aft ones set at 37 psig and the shaft housing
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switch set to 28 psig. The motor will automatically shut down if the supply pressure falls
below the setting pressure.
3.1.3

Facility Secondary Air System

The facility secondary air system provides the proper seal of compressor bearings,
balance of thrust in the axial direction, and active control of compressor bleed flows. The
schematic layout of the secondary air system is shown in Figure 3.9. The secondary air
system is fed by the 2200-psi high pressure line. The high-pressure air is regulated down
to around 650 psig using a pressure regulator with large flow capacity. A rupture disc
with a preset burst pressure of 1000 psig is installed just downstream of the regulator for
protection.
At the compressor forward section, there are two lines including one buffer air
supply and one vacuum line. The supplied buffer air provides the desired differential
pressure across the forward carbon seal to prevent oil from entering into the compressor
flow path. Additionally, a second line utilizes an air ejector to remove the supplied buffer
air and maintain a net zero pressure across the knife seal, thus preventing crossflow
between the primary and secondary air system.
There are two buffer supply lines to the aft section of the compressor, including
one for backface bleed seal and one for the thrust balance. The backface bleed seal supply
air prevents the bleed flow from leaking into the compressor rear cavity. The thrust piston
supply air provides the desired differential pressure across the thrust piston to counteract
the thrust developed by the impeller on the compressor forward ball bearing. The air in
the compressor rear cavity on the low pressure side of the thrust piston maintains the
desired differential pressure for the compressor aft carbon seal. The buffer air supply to
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the aft section of the compressor is vented through 6 tubes at the compressor rear side and
further throttled using a fail-in-place globe valve. By adjusting the supply buffer air
pressure and the globe venting valve position, the net thrust and differential pressure for
the compressor aft carbon seal could be maintained in the desired range during operation.
Figure 3.10 shows the ranges of differential pressure across the thrust piton for balancing
the thrust. The abscissa is the absolute total pressure at compressor exit and the ordinate
is the differential pressure across the thrust piston. The optimum differential pressure
across the thrust piston is the solid line in the figure, and this renders a constant 400 lbf
thrust in the forward direction and 4 psid across the aft carbon seal. The maximum
allowable differential pressure is shown as the red dash line, which results in 500 lbf
thrust and 2 psid across the carbon seal. The minimum differential pressure required by
the thrust piston is shown as the blue dash line, and this renders 300 lbf thrust and 10 psid
across the carbon seal.
For active control of the buffer air supply loops, each is equipped with a digital
pressure controller, air-loaded pressure regulator, and a relief valve. Additionally, two
other globe valves enable dynamic control of bleed flows during facility operation. The
impeller backface bleed is manipulated to maintain consistent bleed flow as a percentage
of the overall flow rate throughout the compressor map. It is critical to maintain a
minimum 1% of backface bleed flow for removal of heat generated by disc friction. The
diffuser match bleed line serves the same purpose as the backface bleed but removes flow
from the impeller shroud cavity. Both bleed lines are equipped with calibrated ASME
standard Venturi flow meters to measure the flow rates. The major parameters for the
Venturi meters are listed in Table 3.1.
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3.2

Instrumentation and Data Acquisition

The facility is instrumented with a variety of sensors for both safety and research
purposes. The instrumentation is categorized into facility health monitoring
instrumentation, compressor steady performance instrumentation, and compressor
unsteady aerodynamic and aeromechanical instrumentation. The data are streamed and
real-time monitored using four separate computers.
3.2.1

Health Monitoring Instrumentation and Data Acquisition

A variety of instrumentation is installed for health monitoring including
temperature, pressure, flow rate, clearance, and vibration measurements. The
instrumentation is placed throughout the oil system, secondary air system, gearbox, and
compressor. A summary of the health monitoring instrumentation is listed in Table 3.2.
The gearbox is monitored in the form of temperature, pressure, and flow rate
measurements through the oil system and temperature measurements at the bearings.
Additionally, vibrations are monitored with accelerometers installed on the gearbox front
and rear bearings.
The compressor oil system is monitored using pressure transducers, turbine flow
meters, and thermocouples. Turbine flow meters measure the supply oil flow rates to the
compressor forward bearing, rear bearing, and coupling shaft. Four K-type
thermocouples measure the compressor forward and aft bearing temperatures. Six K-type
thermocouples measure the return oil temperature in each scavenge line. There are 42
pressure transducers to measure the facility secondary buffer air and bleed flows.
The compressor vibration is measured using 10 piezoelectric accelerometers
installed near bearing locations, including two at the slip ring, three at the compressor
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forward bearing, two at the compressor aft bearing, and three at the rear shaft housing.
Three rows of capacitance probes to measure impeller tip clearance are installed on the
impeller shroud near the inducer, knee, and exducer of the impeller. There are four
probes equally spaced around the circumference at each meridional location. Four
Bentley probes are installed to monitor the orbits of compressor quill shaft and the crown
shaft. Compressor rotational speed is monitored using the signals from two 3050 series
miniature VRS sensors installed around the compressor quill shaft. Additionally, multiple
digital control units are used to maintain the proper carbon seal pressure, bearing thrust,
and bleed mass flow rates. Those units include 5 electro-pneumatic pressure controllers
and 3 electro-pneumatic valves, as labeled in Figure 3.9.
The monitoring and data acquisition for the facility health monitoring
instrumentation is performed through LabView on a work station PC. LabView is also
used to achieve active control of the digital pressure controllers and valves. Different
sample rates and data update rates are used in the health monitoring system. The signals
from the capacitance probes and accelerometers are sampled at 10 kHz, and the RMS
values are updated at 5 Hz. The data update rate for steady temperature, pressure, and
flow rate measurements is around 0.5 Hz. Figure 3.11 shows the data acquisition chain
for this computer. The user interface panel of the health monitoring data acquisition code
is shown in Figure 3.12.
3.2.2

Steady Performance Instrumentation and Data Acquisition

Steady performance instrumentation installed through the flow path in the
compressor includes total pressure and total temperature rakes, cobra probes, and many
static pressure taps. Figure 3.13 shows a cross-sectional view of the compressor flow path
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and the locations of the instrumentation. A summary of the steady performance
instrumentation is listed in Table 3.3. There are six sections in the compressor flow path
including: the inlet housing, the impeller, the vaneless space, the diffuser, the bend, and
the deswirl. The inlet housing conditions the flow for the impeller by turning the flow
from radial to axial. As the impeller is the only rotating component, it provides all the
work input for the compressor. The dynamic energy remaining in the flow leaving the
impeller is recovered as static pressure rise downstream in the vaneless space and diffuser.
The diffuser exit flow is then turned and conditioned in the bend and deswirl. The deswirl
contains two rows of tandem vanes for flow straightening.
To measure the compressor steady performance, a number of total pressure rakes
and total temperature rakes are installed at the compressor inlet and exit. Compressor
inlet conditions are measured in plane 1, as shown in Figure 3.13. There are four rakes
equally spaced about the circumference of the compressor inlet, and each rake houses
five Kiel head pressure elements and one total temperature element. The pressure
elements are uniformly distributed, and the total temperature element is installed at the
mid-span of the rake. The orientation of these rakes and relative position of probe
locations are shown in Figure 3.14. Compressor exit conditions are measured at plane 5.
Similar to the compressor inlet measurement configuration, the total pressure is measured
using eight rakes at the exit of the deswirl. Each rake houses three equally spaced Kiel
head pressure probes. The total temperature is measured using four rakes, each with three
elements at the same plane as the total pressure rakes. The orientation of these rakes and
relative position of the elements are shown in Figure 3.15. Additionally, there are six
total pressure rakes at the diffuser exit and each rake houses three equally spaced total

95
Kiel head pressure probes. The orientation of these rakes and relative position of the
probes are shown in Figure 3.16.

               
12 static pressure taps is installed upstream of the compressor in the APU-style inlet

                   
uses the four rakes at the inlet housing to characterize the inlet flow. To study the effect
of inlet distortion on compressor performance and operability, a rotating mechanism that
allows full annulus mapping of inlet flow field is implemented just upstream of the
impeller. It includes four rakes that are equally spaced in the circumferential direction
with each rake capable of housing four elements. Two rakes are installed with cobra
probes to measure the steady velocity and flow angles.
Static pressure taps are located throughout the flow passage. There are six
pressure taps placed along the shroud of inlet housing, including four equally spaced
circumferentially at the leading edge and two along the meridional direction. As to the
static pressure instrumentation along the flow path of the impeller, four static pressure
taps are equally spaced circumferentially on shroud surface at the leading edge of
impeller. Static pressure in the impeller is measured from eight pressure taps distributed
along the impeller shroud surface in the meridional direction. At the impeller trailing
edge, ten static pressure taps on the impeller shroud surface are utilized. The orientation
and position of all the static pressure taps along the impeller flow path are shown in
Figure 3.17.
Compared to the static pressure instrumentation in the impeller flow path, the
static pressure instrumentation for the diffuser is more complicated. A sketch of the
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distribution of the pressure taps in the diffuser is shown in Figure 3.18. A total of fortyeight pressure taps are employed. Eight of them are circumferentially distributed at the
leading edge of diffuser vane. The other thirty-nine taps are repeatedly distributed
throughout three flow passages, with three taps along diffuser throat, four taps along a
streamline, another three along the covered exit, and the last three along the diffuser
trailing edge in each passage.
Static pressure instrumentation has also been installed in the bend and deswirl. In
the bend, three pressure taps are placed along the hub wall, and three along the shroud
wall. A total of thirty pressure taps are placed throughout the deswirl along the tandem
vanes. There are sixteen pressure taps at the leading edge and trailing edge of the first
vane, with half on the hub wall and the other half on the shroud wall. Additionally, four
pressure taps are placed in the meridional direction of the first vane passage on the hub
wall. Furthermore, twelve pressure taps are installed along the second vane, including
four in the meridional direction and eight at the trailing edge.
A LabView program on a dedicated computer performs the data acquisition for
steady compressor performance. A flow chart for this data acquisition system is shown in
Figure 3.19. The user interface panel of the performance data acquisition code is shown
in Figure 3.20.
All steady pressures are measured using two Scanivalve DSA 4000 enclosures
with 16 DSA 3016 16-channel pressure modules. Three different pressure ranges are used
to improve the measurement accuracy. The pressures in the sandwich pack and inlet
housing are measured using 2.5psid and 5.0psid units, and the rest of the pressures are
measured using 100psid units. The uncertainties for the 2.5psid pressure modules are
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within ±0.12% full scale, and the uncertainties for the 5.0psid and 100psid pressure
modules are within ±0.05% full scale.
The voltage signals from capacitance probe conditioning modules, thermocouples,
health monitoring pressure transducers, and relative humidity sensor are measured in the
Agilent 34980 enclosure using two 40-channel multiplexers. There is a high-accuracy
stick-on thermistor mounted on each multiplexer to provide the cold junction temperature
for measurements from the thermocouples. This renders temperature measurement
 

 

 

The once-per-revolution signal from the monopole sensor is treated using a
frequency divider, and the conditioned pulse signal from the frequency divider is
recorded using a Laurel tachometer, in which the frequency of the signal is measured and
converted to rotations per minute.
3.2.3

Unsteady Instrumentation and Data Acquisition

To study the unsteady flow phenomena inside the compressor, a total of sixty fastresponse pressure transducers are instrumented along the impeller shroud, vaneless space,
and diffuser vanes. Additionally, strain gauges and Non-Intrusive Stress Measurement
System (NSMS) probes are installed on the impeller and along the shroud for
aeromechanical investigations. A sketch of the distribution of this unsteady
instrumentation is shown in Figure 3.21.
Eight sensors are installed on two rotatable rakes at the inlet. The two four       

          -AC-

125-120PSIA are installed on the impeller shroud from the leading edge to 90% impeller
chord length with 10% increment. The other forty-two Kulite sensors of model XCEL-
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072-120PSIA are placed in identical locations distributed across three different portions
of the vaneless space and the corresponding diffuser passages. The three diffuser
passages are equally spaced circumferentially. In each instrumented diffuser passage and
vaneless space, an array of 4×2 Kulite sensors are installed in the vaneless space at 2%
vaneless gap and 4% vaneless gap with the same angular spacing. The four sensors in
each row are equally spaced from 0% diffuser passage to 75% diffuser passage and cover
one vane pitch. There are six sensors installed along each instrumented diffuser vane with
four on the pressure side and two on the suction side, and they are located at the diffuser
leading edge, throat, and downstream of the throat. A sketch of the distribution of sensors
along the diffuser passages is shown in Figure 3.22.
To investigate the dynamic stress on the impeller, nine single-bridge strain gauges
of model WK-06-031CF-350 are mounted on the suction surfaces of the main blade at
two different spanwise locations with six at the first location and three at the second
location. Both locations are at the inducer section with the first location near the hub and
the second location near the tip. The nine strain gauges are installed on six separate
blades, with three blades housing two sensors.
An Aerodyne 72-contact slip ring assembly is used for transferring the strain
gauge signals from rotating frame to the stationary reference frame. The slip ring
assembly contains two modules including the Internal Bearing Assembly (IBA) module
and the slip ring module. The IBA module is connected to the compressor shaft via a
- 

and the strain gauge wires run through the shafts and then are wired to

circuit board in the IBA. There is an identical circuit board inside the slip ring section,
and the two circuit boards are mated together using exclusive double-ended pins. A total
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of 72 channels placed in two rows are available in the circuit boards, as shown in Figure
3.23a. All the strain gauges are wired to channels in the outer row, and the wiring
diagram is listed in Table 3.4. The transfer of signals from the rotating frame to the
stationary frame is achieved in the slip ring section via brushes, as shown in Figure 3.23b,
and it is critical to maintain appropriate tension of the brushes and adequate cooling of
the circuit boards in the slip ring assembly.
Additionally, two rows of light probes are installed in the impeller shroud near the
inducer and exducer, as shown in Figure 3.21, with 6 equally spaced probes around the
circumference at each meridional location.
Figure 3.24 shows the layout for data acquisition of the fast-response
instrumentation. Two separate systems are used: one for the Kulite pressure transducers
and strain gauges and the other for the NSMS measurements. The analog millivolt signals
from the Kulite transducers and strain gauges are filtered and amplified using Precision
Filter (PF) Cards of model 28118 and 28144. The amplified signals are then sampled at
100 kHz and digitized using NI DAQ cards of model 6358. A dedicated PC collects all of
the signals, and LabView displays and saves the unsteady data. There are nine PF 28118
cards and three PF 28144 cards installed in the chassis, and they provide a total of 84
channels, including 72 pressure channels and 12 strain gauge channels. A separate Agilis
NSMS system is used for data acquisition of the signals from the light probes. The
system includes a laser module and a detector module. Lasers are supplied to the probes
from the laser module, and the return signals are then collected and conditioned in the
detector module. The analog voltage signals from the detector module are digitized using
an NI PXI card of model 5105 in a separate PC. Agilis software is used for real-time
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monitoring of impeller blade deflections from the NSMS signals. There are 8 channels
available in the NSMS DAQ system.
The Kulite presure transducers installed in the vaneless space and along the
diffuser vanes are absolute pressure transducers of model XCEL-072 with pressure range
  

          

      

along the impeller shroud are absolute pressure transducers of model LLHT-AC-125 with
         



    

the transducers are temperature-      
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each sensor was calibrated. Each transducer houses a full bridge with four wires,
including two for excitation and the two for signal outputs. Protection screens were
removed to increase frequency response, and this renders a typical natural frequency of
400 kHz and linear response frequency up to 100 kHz.
Precision Filter cards of model 28118 are used to supply 10 VDC excitations to
the Kulite transducers and condition the signals from the transducers. This unit is run in
FSOUT/(FSIN*SENSOR) mode to configure the gain setting of each Kulite transducer.
Additionally, a 100 kHz cut-off frequency is set in the LP4FP 4-pole low-pass filter mode
to avoid high-frequency noise. At last, all signals are auto-balanced at ambient pressure
before each testing.
The strain gauges installed on the impeller main blades are 2-wire single-bridge
sensors of model WK-06-031CF-350 with a nominal resistance of 350 ohms. The gauge
length is 0.031 in. and the grid width is 0.062 in. The gauge factor (GF) is the same for
all the strain gauges, 2.04, and this renders a variation of 2.14 ohms at 3000 micro-strain.
Excitation is required for the operation of the strain gauges. There are two categories of
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excitations including voltage excitation and current excitation. The current excitation is
less vulnerable to electrical noise and does not require the full-bridge configuration, and
thus it is used in the present application.
The strain gauge signals are transferred to the stationary frame using a slip ring.
However, electrical noise is introduced to the signals due to the relative motion of
brushes inside the slip ring. The noise level for all the slip ring channels used in the
present application was within 250 µV. The noise may seem small, but it still impacts the
resolution of the strain gauge measurements. Figure 3.25 shows the signal-to-noise ratio
versus strain experienced by the gauge, and each series represents a different current
excitation value. Ideally, the SNR increases with the increase of current excitation level,
as shown in the figure. However, this is not the case because the performance of the
gauges, including linearity and hysteresis, decays as the gauges are heated by the
increasing the excitation level. It is widely acknowledged that there is an optimum
excitation range for each strain gauge application [80]. The optimum range for dynamic
strain measurement in the present application is 5-10 mA and thus, renders a 10 mA
current excitation for the present project. After supplying a 10 mA current excitation, the
SNR becomes 2.86 at 100    

   

Precision Filter cards of model 28144 are used to supply current excitations to the
strain gauges and condition the signals. The FSOUT/(FSIN*SENSOR*EXC) mode is
used to configure the gain setting of each strain gauge to achieve the same 10 VDC

 

  

            



measurements. Similarly, the same 100 kHz cut-off frequency is used to avoid highfrequency noise.
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The 0-10 VDC output signals from the PF28118 and PF 28144 cards are digitized
using National Instruments DAQ cards of model PXI 6358. There are 5 cards installed in
the NI chassis and each card has 16 differential analog input channels, it provides a
maximum of 1.25 MHz simultaneous sampling rate. A sample rate of 100 kHz is used in
the current application due to the limit of real-time data stream rate. Additionally, a gain
setting of 12 is applied to all the Kulite channels in PXI 6358 for converting the voltage
signals to the engineering units of psi, and a gain of 300 is used for strain gauge channels
 

  





 

 



  

 



    



fast-response pressure transducers and strain gauge signal conditioning is show in Figure
3.26.
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Table 3.1: Parameters for Bleed Flow Measurement Venturi Meters

Discharge
Coefficient

Venturi Meter
Dimensions

Description
Inlet Diameter, inch
Exit Diameter, inch
Length
Throat Diameter, inch
Beta Ratio
Divergent Angle, deg
a
b
c
Rd_max
Rd_max

Backface
Bleed
Flow
0.85
0.83
6.0
0.560
0.659
8
0.9254261
-4.27E-10
0.0001992
40000
140000

Impeller
Diffuser Match
Bleed Flow
1.85
1.59
10.0
1.000
0.541
8
0.95703157
-8.19E-12
5.90E-05
50000
250000

Description

Oil Temp

Bearing
Temp

Oil
Pressure

Air
Pressure

Flow Rate

Vibration

Table 3.2: Summary of Health Instrumentation

Gearbox
Compressor
Total

4
13
17

4
8
12

1
4
5

0
42
42

0
3
3

2
10
12
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Table 3.3: Summary of Steady Performance Instrumentation
Description
Inlet Sandwich Pack
Inlet Housing
Impeller Flow Path
Diffuser Flow Path
Bend and Deswirl
Total

Total
Total
Static
Cobra
Temp Pressure Pressure
18
18
12
0
4
20
10
8
0
0
22
0
0
18
48
0
12
24
36
0
34
80
128
8

Table 3.4: Wiring Diagram for Strain Gauges
MN
95001
95002
95003

Location
Blade 3, Location 1
Blade 7, Location 1
Blade 10, Location 1

Pin +
2
10
18

Pin 4
12
20

95004
95005
95006
95007
95008
95009

Blade 12, Location 1
Blade 15, Location 1
Blade 16, Location 1
Blade 10, Location 2
Blade 12, Location 2
Blade 16, Location 2

26
34
42
50
58
66

28
36
44
52
60
68

Figure 3.1: SSCC Research Facility Layout
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Figure 3.2: Assemble of Axisymmetric Inlet with Compressor

Figure 3.3: Drawing of ASME Standard Venturi Meter
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Figure 3.4: Calibrated Expansion Factor for ASME Venturi Meter

Figure 3.5: Cross Section Drawing of the Inlet Nozzle
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Figure 3.6: LDV Configuration for Compressor Inlet Flow Measurement Using
Axisymmetric Inlet, (a) Cross Section View, (b) Side View.

Figure 3.7: Interface between Inlet Plenum and Compressor (a) Previous Configuration (b) Modified Configuration
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Figure 3.9: SSCC Facility Secondary Air System Layout.
111
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Figure 3.10: Ranges of Differential Pressure across Thrust Piston for Thrust Balance.

Figure 3.11: Health Data Acquisition Flow Chart
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Figure 3.13: Distribution of Steady Performance Instrumentation on Compressor

Figure 3.12: Health Monitoring Labview Front Panel

Figure 3.14: Locations for Inlet Rakes
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Figure 3.15: Locations for Deswirl Exit Rakes

Figure 3.16: Locations for Diffuser Exit Rakes
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Figure 3.19: Steady Performance Data Acquisition Flow Chart
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Figure 3.20: Steady Performance DAQ Labview Front Panel
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Figure 3.21: Distribution of Fast-response Instrumentation on Compressor

Figure 3.22: Distribution of Kulites in Vaneless Space and Diffuser
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Figure 3.23: Photos of Slip Ring Assembly: (a) IBA Module, (b) Slip Ring Module.

Figure 3.24: Fast-response Data Acquisition Flow Chart
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Figure 3.25: SNR versus Strain at Different Excitation Levels

Figure 3.26: Fast-response Signal Conditioning Circuit: (a) Kulite, (b) Strain Gauge.
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CHAPTER 4. STEADY COMPRESSOR PERFORMANCE FOR BASELINE
CONFIGURATION

This chapter details the methodology used to evaluate the steady performance of
the compressor and presents results obtained at various speeds and loading conditions.
The performance is evaluated for both the overall compressor stage and its major
components including impeller, diffuser, and the stationary diffusion system.
Additionally, the total temperature, total pressure, and velocity profiles at various stations
of the compressor are presented.
4.1

Methodology

This section lists all the equations used for the steady performance calculation.
Real gas properties for humid air are used in calculation of compressor isentropic
efficiency [81], standard day corrected conditions [82], and Mach number. The humid air
properties are retrieved from the NIST Reference Fluid Thermodynamic and Transport
Properties Database via REFPROP.
4.1.1

Evaluation of Compressor Stage Performance

Compressor stage performance is characterized by rotational speed, mass flow
rate, total pressure ratio, and efficiency. The rotational speed is provided by a tachometer,
and the evaluation of other parameters is based on the compressor inlet and exit
conditions.
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Compressor mass flow rate is measured by differential flow meters, and the mass
flow rate is calculated from:




     

(4.1)

 is the expansion
factor, d is the throat bore diameter,  is the measured differential pressure, and  is the

where C is the discharge coefficient provided from the calibration,

air density at the flow meter inlet.
The uncertainty in the mass flow rate is characterized by the uncertainties in
pressure, discharge coefficient, expansion factor, and the throat diameter of the flow
meter. The equation is:

         #     $  ! &'  ! ()*+,-. (4.2)
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The compressor stage total pressure ratio is evaluated from the total pressure
information at station 1 and 5:

/0 112423 ,

(4.3)

56 is the area-averaged total pressure at the compressor deswirl exit and 5 is
area-averaged total pressure at the compressor inlet. The values of 56 and 5 are

where
the

evaluated based on total pressure rakes installed at the inlet housing and deswirl exit. [83]
The uncertainty in the total pressure ratio is calculated as:

7819 :;7123< = ;7124< >5?6.
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123
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(4.4)

Similarly, the compressor stage total temperature rise ratio is calculated from the
total temperature information at station 1 and 5:

//0 882324 @ A,

(4.5)
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where 

is the area-averaged total temperature at the compressor deswirl exit, and  

is the area-averaged total temperature at the compressor inlet. The values of 

and  

are evaluated based on total temperature rakes installed at inlet housing and deswirl exit.
The uncertainty in the total temperature ratio is:
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(4.6)

Compressor isentropic efficiency is defined as the ratio of the ideal stagnation
enthalpy rise undergoing an isentropic compression process to the actual stagnation
enthalpy rise across the compressor. The equation is:
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providing:
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(4.10)

    

(4.11)

in which,  is the compressor isentropic efficiency,  represents the stagnation enthalpy,

 represents the stagnation entropy,  represents the stagnation temperature, subscript 
stands for compressor inlet, subscript  denotes compressor exit, and subscript  stands
for the isentropic condition. As mentioned, REFPROP is used to retrieve the properties
based on measured stagnation pressure and temperature. The uncertainty in the isentropic
efficiency calculation is:
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Furthermore, corrected mass flow rate and corrected speed are used to achieve
flow similarity and accommodate the variations in compressor performance with respect
to the changes in ambient conditions. The purpose of corrected speed is to maintain a
constant impeller tip Mach number, and it is calculated from:
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where

in which, $ %& is the actual sound of speed at the compressor inlet, $ %'( is the

+,-,+,./, 01,,2 3- 034.2 -3+ 2+5 67+ 68 086.26+2 265 /3.27873.0 98386: 8,;1,+684+, 70 <=>?
and total pressure is14.7 psia).
Similarly, the purpose of corrected mass flow rate is to maintain a constant Mach
number at the compressor inlet, and it is calculated from:
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E      and
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where
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(4.23)

in which,    is actual density at compressor inlet,    is the dry air density at the
standard day conditions.
4.1.2

Evaluation of Impeller Performance

Similar to the calculation of compressor stage performance, the performance of
impeller (including total pressure ratio, total temperature rise ratio, and isentropic
efficiency) are be evaluated using the same equations from Equation (4.3) to Equation
(4.17) but replacing the compressor exit conditions with the properties at impeller exit.
The total temperature at the impeller exit is considered the same as that at the
compressor exit based on the adiabatic assumption. However, the impeller exit total
pressure is found by following iterative procedure. The process starts with finding the
impeller exit tangential velocity  from the Euler Turbomachinery equation:
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(4.24)
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(4.25)

where



in which,  is the tangential velocity,  is the wheel velocity,  is the rise of
stagnation enthalpy through compressor, and subscript 2 represents impeller exit.
The impeller exit absolute flow velocity  is calculated from Eqn. 4.26 using
an initial guess of 
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where
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in which, 

 is the effective flow area at the impeller tip, and it is a function of impeller

tip radius, blade height, axial clearance, and the blockage factor. Then, the impeller exit
absolute flow velocity,   is calculated using:

     .


This allows the impeller static enthalpy,

(4.28)

, to be calculated using:

 
  .

(4.29)

As a result, a new impeller exit static temperature is obtained from:



 

.

(4.30)

Equations (4.26)-(4.30) are iterated upon until a converged impeller exit static
temperature  is obtained. At last, the impeller exit total pressure is found from:
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where:

Additionally, the impeller exit Mach number and absolute flow angle, 

 are obtained

from:



4.1.3

 

and

(4.33)
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Performance of Diffuser and Stationary Diffusion System

The performance of the diffuser and the overall stationary diffusion system
(diffuser, bend, and deswirl) is characterized by the static pressure recovery coefficient
and diffusion efficiency. The static pressure recovery coefficient is calculated as:
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in which,  is pressure coefficient, subscript 3 represents the impeller exit, and subscript
4 represents the diffuser exit. The total pressure loss is characterized by the loss
coefficient :
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(4.36)

Furthermore, the efficiency of the diffuser, or the overall stationary diffusion system, is
evaluated by combining both the pressure coefficient and loss coefficient:

 
4.1.4
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(4.37)

Calculation of Velocity Profiles

Mach number becomes important for compressible flow and is also a key
parameter in evaluating the compressor performance. The velocity profile, in terms of
Mach number, at various stations in the compressor is obtained from the total temperature,
total pressure, and static pressure information. Instead of using isentropic equations for an
ideal gas, the method of using real gas properties is used, where the stagnation enthalpy
and entropy are obtained from REFPROP based on the measured total temperature and
pressure. Then, the static enthalpy is obtained from REFPROP as a function of the
measured static pressure and the resulting stagnation entropy. The velocity is a function
of both static and stagnation enthalpy, and the speed of sound comes from REPROP as a
function of static pressure and stagnation static entropy.
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4.2

Baseline Compressor Steady Performance

Compressor performance results have been obtained during the mechanical
checkout of the facility and provide a baseline of performance metrics as the research
moves into the next phase. Data have been acquired at three different corrected speeds
from 90% to 100% corrected speed in 5% speed increments. At each speed, data are
acquired from choke to near-surge at five loading conditions. All the results shown in this
section are normalized using the operating condition at the design point.
4.2.1

Compressor Stage Steady Performance

The compressor stage performance is characterized by the total pressure ratio
(TPR), total temperature rise ratio (TTR), and efficiency using the total pressure and total
temperature information at compressor inlet and deswirl exit.
Figure 4.1 shows the normalized total pressure ratio versus the normalized
corrected mass flow rate. Area-averaged inlet total pressure from Station 1 and areaaveraged exit total pressure from Station 5 are used in calculating the total pressure ratio.
The uncertainty in the total pressure ratio is around ±0.15% at 90% speed and reduces to
around ±0.1% at 100% speed. The uncertainty in the corrected mass flow rate is less than
±2.0%. In addition to the three speed lines, the operating lines at the nominal loading (NL)
condition and four other low loading (LL) conditions are shown. The positions of the
throttle at various loading conditions are listed in Table 4.1, with LL4 at the fully open
position, LL3 at the 21.5% closed position, LL2 at the 29.0% closed position, and LL1 at
the 34% closed position. However, the throttle position varies at NL with respect to the
change in corrected speed, with 35.5% closed at 90% corrected speed, 36.0% closed at 95%
corrected speed, and 38.1% closed at 100% corrected speed. At each corrected speed, the
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total pressure ratio increases as the throttle closes. The flow is choked in the compressor
at fully open throttle position and becomes subsonic close to NL.
The total work input to the flow by the compressor is represented as the total
temperature rise from compressor inlet to exit, and this is normalized by the inlet total
temperature. The normalized results of TTR are shown in Figure 4.2. The uncertainty in
TTR is about ±4% at 90% speed and reduces to about ±3.5% at 100% speed. The work
input does not change along the choke line. Furthermore, after the flow inside compressor
becomes subsonic, the TTR starts to increase linearly as compressor loading increases
towards the nominal loading condition (lower flow rates).
Compressor isentropic efficiency is defined as the ratio of ideal work input
required for the isentropic compression process to the actual work input for a real
compression process. The normalized results are shown in Figure 4.3. The uncertainty in
the calculated isentropic efficiency is less than ±2.5% for the data at 100% speed. The
efficiency map shows a wide efficient operating range around the NL condition. The
efficiency remains the same at NL from 90% to 100% corrected speed. Additionally, the
drop in efficiency from NL to LL1 is very small at all the three speeds, with a largest drop
of 1.3% at 100% corrected speed.
It is important to have a uniform flow field at the compressor inlet. To evaluate
this, the total temperature distribution at the compressor inlet is shown in Figure 4.4. The
results show a uniform temperature profile along each speed line. At 100% corrected
   

    

        

which is within the temperature measurement uncertainty.
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The averaged total pressure profile across the five-element inlet rakes is shown in
Figure 4.5a, and the total pressure profiles from the individual rakes are show in Figure
4.5b. The uncertainty in the inlet total pressure is within ±0.003 psi. The results show
uniform total pressure profiles from 90% to 100% corrected speed. The maximum
variation in the inlet total pressure is within 0.08 psi, and the variation drops as the speed
reduces. Additionally, the inlet total pressure decreases as the speed increases. This is
because the compressor compresses accommodates a larger mass flow rate as the
rotational speed increases, and this results in an increase in pressure drop across APUstyle inlet.
Additionally, the compressor inlet velocity profiles in terms of Mach number are
shown in Figure 4.6. Similar to the total temperature and total pressure, the velocity
profile is very uniform at the compressor inlet, with a maximum variation in Mach
number less than 0.1. The inlet Mach number increases with operating speed.
Figures 4.7 and 4.8 show both averaged and individual total temperature and total
pressure profiles from rakes at the compressor deswirl from 90% to 100% corrected
speed. The total pressure shown in Figure 4.7a is the area-averaged results from the 8
three-element total pressure rakes, and the total temperature shown in Figure 4.8a is areaaveraged results from the 4 three-element total temperature rakes. The uncertainty in the
total temperature measurement is within ±2.2 F, and the uncertainty in the total pressure
measurement is within ±0.05 psi. Total temperature and total pressure increase with
operating speed. Both the total pressure and total temperature profiles from 90% to 100%
corrected speed are uniform at the deswirl exit. The maximum variation in the total
pressure is less than 3.5 psi (less than 4% of average total pressure) and the maximum
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  (less than 1% of average total

temperature). Additionally, the variation in the total pressure and total temperature drops
as speed reduces.
Figure 4.9 shows the Mach number distribution at the deswirl exit. Different from
the trend of total temperature and total pressure with respect to the operating speed, the
Mach profiles are similar from 90% corrected speed to 100% corrected speed at the
nominal loading condition. There is a noticeable variation in the Mach number
distribution along the spanwise direction, with the minimum Mach number at mid-span
and maximum Mach number near the hub.
4.2.2

Impeller Steady Performance

Similar to the compressor stage performance, the performance of the impeller can
be also characterized in terms of TPR, TTR, and efficiency by using the compressor inlet
conditions and impeller exit conditions. However, the impeller TTR is the same as the
compressor stage TTR for adiabatic conditions.
Figure 4.10 shows the normalized impeller total pressure ratio versus the
normalized corrected mass flow rate. Area-averaged inlet total pressure from Station 1
and area-averaged exit total pressure from Station 3 are used in calculating the total
pressure ratio. The impeller total pressure ratio remains the same along the choke line,
which is different from the behavior of the entire stage shown in Figure 4.1. After the
flow inside compressor becomes subsonic, the impeller total pressure ratio starts to
increase as the compressor operating condition moves towards the nominal loading
condition.
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Figure 4.11 shows the normalized impeller isentropic efficiency versus the
normalized corrected mass flow rate. In general, the impeller operates more efficiently at
various loading conditions from choke to NL over a wide operating range from 90% to
100% corrected speed. While operating at the nominal loading condition, the impeller
efficiency is 13.6% higher than the compressor stage efficiency at 100% corrected speed
and becomes 13.8% and 14.0% higher than the compressor stage efficiency at 95% and
90% corrected speeds, respectively. Additionally, the impeller efficiency drops slightly as
impeller loading reduces at 100% corrected speed. However, this is opposite to the trends
at 95% and 90% corrected speeds, at which, the impeller efficiency increases as the
loading impeller loading reduces. This opposite trend in impeller efficiency at the 90%
and 95% corrected speeds is considered to be caused by the mismatch between the
impeller and diffuser. However, the variations in impeller efficiency with changes in
loading conditions and corrected speeds are relatively small, with maximum value less
than 2%.
Additionally, impeller exit Mach number and flow angle are shown in Figure 4.12
and 4.13, respectively. There are similar trends in both impeller exit Mach number and
the absolute flow angle as was presented for impeller total pressure ratio. The impeller
exit Mach number and absolute flow angle remain the same along the choke line. After
the flow in compressor becomes un-choked, the impeller exit Mach number and absolute
flow angle start to increase as the loading increases. As shown from Figure 4.12, the flow
is transonic at the impeller exit and has large kinetic energy, which will be further
recovered as the static pressure rise in the downstream diffusion system.
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4.2.3

Performance of Stationary Diffusion System

The performance of the stationary diffusion system is characterized by pressure
coefficient and efficiency. Different from the efficiency for impeller, the efficiency for
the stationary diffusion system is defined as the ratio of actual static pressure rise
achieved in the diffusion system over the ideal static pressure rise across the diffusion
system undergoing isentropic process with no loss in total pressure. The stationary
diffusion system consists of three major components including the vaned diffuser, bend,
and deswirl. The performance of the diffuser is evaluated from the total and static
pressure at impeller exit and diffuser exit. The performance of the entire stationary
diffusion system is evaluated using the pressure information at impeller exit and deswirl
exit.
The amount of pressure recovery is characterized by the pressure coefficient, and
both results for the diffuser and the entire stationary diffusion system are shown in Figure
4.14. The abscissa is corrected mass flow rate, and the ordinate is normalized pressure
coefficient. The pressure coefficients for both the diffuser and the entire stationary
diffusion system are heavily dependent on the loading conditions. The static pressure
recovery in the stationary diffusion system is negative at LL4 from 90% corrected speed
to 100% corrected speed, with less static pressure at the deswirl exit than at the impeller
exit. The stationary diffusion system has positive static pressure recovery at LL3, and the
pressure recovery continues to increase as the operating condition moves toward NL. The
variations in the pressure coefficient with changes in operating speed are small, despite a
slight drop in pressure coefficient as corrected speed reduces. The drop in pressure
coefficient from 100% to 90% corrected speed at NL is within 2.2%. At each operating
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condition, the pressure coefficient of the entire stationary diffusion system is always
higher than the value for the diffuser alone, which indicates positive pressure recovery in
the bend and deswirl at all the operating conditions. However, the percentage of
contribution in pressure coefficient from the bend and deswirl drops as the compressor
loading increases, and more than 90% of the pressure recovery is achieved in the diffuser
at NL and LL1.
The normalized efficiency for both the diffuser and the entire stationary diffusion
system are shown in Figure 4.15. The efficiency in both the diffuser and stationary
diffusion system increases as compressor loading increases. The diffusion system
operates more efficiently than the diffuser alone at LL3 and LL4 due to significant losses
in the diffuser. However, the diffuser performance improves at higher loading conditions
and operates more efficiently, on average 4% higher, than the stationary diffusion system
at NL and LL1. Both the diffuser and the stationary diffusion system tend to operate at
higher efficiency as the operating speed increases. However, this increase in efficiency
with respect to the operating speed is limited near NL condition. There is a 0.8% increase
in efficiency for the diffuser alone and 2% efficiency increase for the entire diffusion
system at NL from 90% to 100% corrected speed.
Both the averaged and individual total pressure profiles at the exit of diffuser at
NL are shown in Figure 4.16. The normalized total pressure show in Figure 4.16a is areaaveraged from 6 three-element rakes circumferentially distributed at the diffuser exit. The
measurement uncertainty in the diffuser exit total pressure is within 0.05 psi. The diffuser
exit total pressure increases as the operating speed increases, with higher stagnation
pressure at mid-span and lower stagnation pressure near the hub wall and shroud wall.
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Additionally, there are significant non-uniformities in the total pressure at the diffuser
exit, particularly along the circumferential direction. The variation in the diffuser exit
total pressure is 11.5 psi at 100% corrected speed and reduces to 9.0 psi at 90% corrected
speed. Furthermore, these non-uniformities in total pressure reduce after being
conditioned in the downstream bend and deswirl, with a maximum of 3.5 psi variation in
the total pressure at the deswirl exit.
The velocity profiles at the diffuser exit in terms of Mach number are provided in
Figure 4.17. The Mach profiles at the diffuser exit are similar but slightly decrease from
90% corrected to 100% corrected speed, which is opposite of the trend in total pressure
with respect to changes in corrected speed. The Mach number at 16.7% span reduces 6%
from 90% corrected speed to 100% corrected speed. The Mach number at mid-span
reduces 2.6% from 90% to 100% corrected speed. The Mach number near the shroud at
83.3% span stays the same with respect to the changes in corrected speed. Similar to the
total pressure profile, the Mach number at mid-span is on-average 12% higher than the
values near the hub and shroud walls.
4.2.4

Results for Clearance and Casing Temperature

The impeller blade tip clearance and compressor casing temperature are important
factors that affect compressor performance. It has been widely acknowledged that the
impeller tip clearance has significant effects on both efficiency and stall margin for
centrifugal compressors. The change in clearance is caused by the centrifugal force
experienced by the impeller and different thermal growth rates between the impeller and
shroud.
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The clearance between the impeller and shroud were measured by twelve
capacitance probes installed on the shroud at the inducer, knee, and exducer. Due to the
limited number of signal-conditioning channels, the clearance results are only available at
the exducer and knee locations, as shown in Figure 4.18 and 4.19. Figure 4.18a shows the
axial clearance measurement from the capacitance probe at top dead center, and Figure
4.18b shows the axial clearance measurements from         



forward-looking-aft. The axial clearance measured at both locations is fairly constant
from 90% corrected speed to 100% corrected speed. The variations in the axial clearance
with changes in the operating speed are within measurement uncertainty, which is 0.0006
inch from calibration sheet.
Figure 4.20 shows the casing temperature distribution along impeller shroud and
backface from 90% corrected speed to 100% corrected speed. The impeller shroud
temperature is measured at the leading edge (LE), Knee, and trailing edge (TE), with two
thermocouples at each location, as shown in Figure 4.20a. The backface cover
temperature is measured at the inner, mid, and outer radii, as shown in Figure 4.20b. The
impeller shroud is heated as the air is compressed. Additionally, the shroud temperature
increases from 90% corrected speed to 100% corrected speed because of the additional
work done on the flow. The backface cover temperature is heated by the backface-bleed
flow. It shows the same trend as the impeller shroud, with increased temperature towards
the outer radius and increased temperature with corrected speed.
4.2.5

Results at 100% Corrected Speed

This section focuses on the results at 100% corrected speed. Various loading
conditions from choke to nominal loading are presented, including the static pressure
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distribution along the flow path. The total pressure, total temperature and velocity
profiles are also discussed. The measurement uncertainty in the total temperature at
compressor in 

 

  



       

pressure is ±0.003 psi at the compressor inlet and ±0.05 psi at the exit of the diffuser and
deswirl.
Figure 4.21 shows the static pressure distribution through the compressor from the
inlet to the deswirl at various loading conditions. The abscissa represents the meridional
position of each measurement point, and the ordinate is the normalized pressure relative
to the design point value. The pressure at the impeller inlet (leading edge) is averaged
from four uniformly spaced static taps around the circumference, and the pressure at the
impeller exit (trailing edge) is averaged from ten static taps at different circumferential
locations. The other static pressures along the impeller are individual pressure taps
      

 

-looking-forward). Results of five different

loading conditions at 100% speed are shown, including design operating condition and
four low loading conditions along the choke line. Their positions on the compressor map
are labeled in Figure 4.1. In addition to the normalized static pressure distribution along
compressor flow path, distributions of pressure coefficient along the stationary diffusion
system are shown in Figure 4.22.
The performance, in terms of efficiency for the inlet housing, impeller, vaneless
space, bend and deswirl, does not change with loading, but the diffuser performance
changes with loading. The flow is choked inside the diffuser along the choke line, which
results in significant loss between the diffuser leading edge and 40% into the diffuser
passage. The static pressure rise in the diffuser is negative at conditions LL3 and LL4,
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with a 3.4% drop in static pressure from the diffuser leading edge to the trailing edge at
LL3 and a 50% drop in static pressure at LL4. The loss in the diffuser is reduced as the
compressor operating condition moves towards conditions LL2 and LL1. Furthermore, at
the nominal loading condition, the flow in the diffuser becomes subsonic, and the loss
inside the diffuser is greatly reduced. The diffuser static pressure rise at the nominal
loading condition is 1.16 times larger than the LL1 condition, and it is 2.45 times greater
than the value at the LL2 condition.
At the NL condition, the impeller contributes to 52% of the static pressure rise,
and 45% of the static pressure rise occurs in the vaneless space and diffuser. The static
pressure increases gradually at the inducer section where diffusion is the mechanism for
pressure rise. Then, it increases quickly near the impeller knee and then becomes quite
linear near the exducer where the pressure rise is associated with centrifugal effect. The
majority of static pressure recovery in the diffuser is achieved in the first half of the
diffuser passage. In fact, 39% of the overall pressure recovery occurs the between
diffuser leading edge and throat, and 99% of the static pressure recovery is complete
when the flow reaches the covered exit of the diffuser. The flow path between the
diffuser covered exit and the diffuser trailing edge only contributes 1% of the static
pressure rise. At last, there is small amount of static pressure rise, 3.5%, observed along
the meridional direction in the bend and deswirl.
The static pressure distribution at LL1 is very similar to that at NL, with 54% of
the static pressure rise across impeller, 41% of the static pressure rise in vaneless space
and diffuser, and the rest at bend and deswirl. However, there is 2.6% drop in static
pressure from the diffuser leading edge and throat, indicating the increased loss in the
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diffuser. Downstream of the diffuser throat, the flow is diffused well, and 98% of the
static pressure recovery is complete at the covered exit of the diffuser. At last, there is 4.3%
static pressure recovery observed along the meridional direction in the bend and deswirl.
The loss in the diffuser increases as the compressor loading reduces. At condition
LL2, the contribution to the static pressure rise from the vaneless space and diffuser
reduces to 28%. There is an 11% drop in static pressure from the diffuser leading edge to
the throat, and another 14% drop in static pressure in the first 20% of the diffuser flow
path. Furthermore, at condition LL3, the static pressure recovery in the diffuser is -4%
due to the loss in the diffuser throat region. There is a 12% drop in static pressure from
the diffuser leading edge to the throat and 45% more drop in static pressure downstream
in the first 20% of the diffuser flow path. The losses in the diffuser reach a maximum at
LL4, with the throttle fully open. All the pressure recovery developed in the stationary
diffusion system is used to recover the loss that occurred in diffuser. There is a 42% drop
in static pressure from the diffuser leading edge to the throat, a 15% drop in static
pressure from the diffuser throat to 20% meridional flow path, and the other 7% drop in
static pressure from 20% meridional flow path to 40% meridional flow path. From
conditions NL to LL4, a high-loss flow region is developed near the diffuser throat, and
this region expands further downstream to 40% meridional flow path at condition LL4.
Additionally, there is a second high-loss flow region between the bend TE and deswirl
LE at conditions LL2 and LL4 due to the mismatch between the bend and deswirl, with a
2.1% drop at condition LL2 and 8.5% drop at condition LL4.
The variations in compressor inlet and deswirl profiles with changes in loading
conditions at 100% corrected speed are presented in Figures 4.23 to 4.28. The inlet
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profiles are normalized by the inlet condition at design point, and the exit profiles are
normalized by the design point exit condition. Figure 4.23 shows the total temperature
profiles at compressor inlet from choke to NL. The total temperature profiles are uniform
at all of the loading conditions with the general trend of increase temperature at higher
 

 

  

      

 

total pressure profiles at compressor inlet are shown in Figure 4.24, and the Mach profiles
at compressor inlet are shown in Figure 4.25. Both figures show uniform profiles at the
compressor inlet regardless the changes in loading conditions. The variations in total
pressure with changes in loading conditions are within 0.5%. The variations in Mach
number with loading condition changes are less than 0.01.
Figure 4.26 shows the normalized total temperature profiles at the deswirl exit.
The total temperature profiles are uniform at the deswirl exit, with a maximum variation
in the spanwise direction less than 0.8%. The total temperature is unchanged from LL4 to
LL2 and gradually increases from LL1 to NL. Figure 4.27 shows the normalized total
pressure profiles at the deswirl exit. The deswirl exit total pressure increases quickly from
LL4 to NL. The area-averaged deswirl exit total pressure at NL is 70% greater than that at
condition LL4. The total pressure profiles at all of the loading conditions are fairly
uniform. Additionally, the Mach profiles at deswirl exit are shown in Figure 4.28. The
flow exiting impeller is diffused in the downstream stationary diffusion system, and the
velocity is greatly reduced at the deswirl exit. In general, the Mach number increases as
the compressor loading is reduced, with an average Mach number of 0.18 at LL4 and
average Mach number of 0.095 at NL. However, the Mach profiles are not uniform at the
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deswirl exit, and there is an average of ±6% variation in Mach number from hub to
shroud.
In addition to the profiles at the compressor inlet and exit, results of profiles at the
diffuser exit are shown in Figure 4.29 and 4.30. Figure 4.29 shows the normalized total
pressure profiles, and Figure 4.30 gives the Mach profiles. Similar to the total pressure at
the deswirl exit, the diffuser exit total pressure increases from LL4 to NL. The areaaveraged diffuser exit total pressure at NL is 5% higher than that at LL1, 22% greater than
LL2, and 60% larger than LL4. In contrast, the Mach number at the diffuser exit reduces
from LL4 to NL. The average Mach number is 0.522 at LL4, and drops to 0.238 at NL.
Additionally, there is non-uniformity observed in both the total pressure and Mach
profiles at all of the loading conditions. The flow at mid-span has higher total pressure
and Mach number than that near the hub and shroud walls. These non-uniformities vary
with changes in the loading condition. The non-uniformity in the total pressure is around
6% at LL4, 9% at LL3, 4% at LL2 and LL1, and 2% at NL. Similarly, the non-uniformity
in the Mach number is 9% at LL4, 18% at LL3, 19% at LL2, 21% at LL1, and 13% at NL.
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Table 4.1: List of Throttle Positions at Various Loading Conditions
Throttle Position, % Closed

Operating
Condition

90% Nc

95% Nc

100% Nc

NL

35.5

36.0

38.1

LL1

34.0

34.0

34.0

LL2

29.1

29.0

29.0

LL3

21.5

21.5

21.6
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Figure 4.1: Compressor Stage Total Pressure Ratio

Figure 4.2: Compressor Stage Total Temperature Rise Ratio
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Figure 4.6: Compressor Inlet Mach Number Profile at NL
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Figure 4.9: Deswirl Exit Mach Number Profile at NL
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Figure 4.10: Impeller Total Pressure Ratio

Figure 4.11: Impeller Isentropic Efficiency
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Figure 4.12: Impeller Exit Mach Number

Figure 4.13: Absolute Flow Angle at Impeller Exit
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Figure 4.14: Static Pressure Recovery for Diffuser
and Entire Stationary Diffusor System

Figure 4.15: Diffuser and Stationary Diffusion System Efficiency
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Figure 4.25: Compressor Inlet Velocity Profile at Various Loading Conditions

Figure 4.26: Deswirl Exit Total Temperature Profile at Various Loading Conditions
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Figure 4.27: Deswirl Exit Total Pressure Profile at 100% Corrected Speed
Figure 4.29: Diffuser Exit Total Pressure Profile at 100% Corrected Speed

Figure 4.28: Deswirl Exit Velocity Profile at 100% Corrected Speed
Figure 4.30: Diffuser Exit Velocity Profile at 100% Corrected Speed
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CHAPTER 5. TIME-RESOLVED STATIC PRESSURE MEASUREMENTS

This chapter details the methodology used to process the time-resolved static
pressure measurements along the compressor shroud. The pressure field is evaluated in
both the time domain and frequency domain, and results acquired at 100% corrected
speed are presented.
5.1

Methodology

This section lists the equations used to process the unsteady data. In the time
domain, the mean values are calculated using time-averaging and ensemble averaging
methods, and the fluctuations are characterized as time averaged and ensemble averaged
root square mean values (RMS). In the frequency domain analysis, the spectra are
calculated using a Fourier Transform (FT).
The mean value of the unsteady pressure is obtained by averaging the raw
unsteady data over a period of time:




    ,

(5.1)

where  is the mean pressure,  is the number of samples, and subscript is the time
index.
The stochastic fluctuations are described as a root mean square value (RMS) and
the time-averaged RMS is calculated:





      ,

(5.2)
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where  is the fluctuation pressure. In the present study, the time period used to obtain
the steady and mean RMS values was 3000 rotor revolutions.
The steady and periodic fluctuations associated with rotor blade passing events
could be decoupled from the unsteady pressure data by phase-lock ensemble-averaging
using a once-per-revolution shaft trigger:

        ,
where

is the number of rotor revolutions, subscript

(5.3)

 represents the ensemble-

average, and subscript  is rotor revolution index. In the present study, data from a total
of 3000 rotor revolutions were used. Data are interpolated within each revolution to
ensure that same number data points are present in each revolution despite any small
drifts in shaft speed. Furthermore, the stochastic fluctuations described as ensembleaveraged RMS are calculated using:

       .
   
  

(5.4)

For the frequency domain analysis, the raw data were broken into multiple
segments of 0.5 second, providing a resolution of 2Hz in the frequency domain. The
Fourier Transformation was applied to each segment data to give the pressure spectra,
and these spectra were averaged together. The number of segments was chosen so that
the values of the pressure spectra converge. Prior the FT, the signal in each segment was
windowed using Flat Top window, which provides wider bandwidth than the Hann
window. The Flat Top window is a summation of cosines:

 ! " #    $ ! "     & ! " #    ' ! " (5.5)
      

%
$



where ( )  )

 *+ The constants  ,  ,  , % , and $ are listed in Table 5.1.
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5.2

Results and Discussions

This section presents data from loading conditions NL and LL3 (refer to Figure
4.1). The data were simultaneously sampled at 100 kHz for all channels. The timeaveraged and ensemble-averaged pressures are normalized using the design point
information. The power spectra are normalized by the value at the impeller leading edge
at the NL condition. The frequency is normalized by the compressor shaft frequency (SF).
5.2.1

Time Averaged Results

Time-averaged results are presented in comparison to the steady measurements
from static pressure taps at similar locations. Figure 5.1 shows the data acquired at the NL
condition, and Figure 5.2 shows the data at the LL3 condition. The abscissa represents the
measurement location, from impeller leading edge to the diffuser exit. The ordinate is the
normalized pressure.
At both loading conditions, the time-averaged pressure from the Kulite
transducers installed along the impeller shroud agree with steady results from the shroud
static pressure taps. Additionally, the time-averaged pressures in the vaneless space line
up with an interpolation of steady measurements between the impeller TE and diffuser
LE. However, in the diffuser, the time-averaged pressure from the shroud wall deviates
from the steady measurements at the hub wall. At both NL and LL3 conditions, the timeaveraged shroud static pressure at the diffuser LE is 16% greater than the pressure from
the hub.
The time-averaged shroud pressure decreases first and then starts to increase from
the diffuser LE to the throat. At the NL condition, there is a 19% drop in the timeaveraged shroud pressure from diffuser LE to upstream of the diffuser throat, with
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approximately the same amount of pressure recovery from upstream of the throat to the
throat. At LL3, there is an 18% drop in the shroud pressure from the diffuser LE to the
upstream of diffuser throat and an 8% increase from upstream of throat to diffuser throat.
However, it is not clear if this phenomenon applies to the pressure at the hub wall
because there is no static pressure tap installed upstream of diffuser throat. At the diffuser
throat, the time-averaged shroud pressure is 4% less than the hub pressure at NL and
becomes 15% greater than the hub pressure at condition LL3.
At NL, the time-averaged shroud pressure increases from the diffuser throat to 20%
meridional diffuser flow path, at which, the pressure variation from the shroud to the hub
is within 4%. At LL3, the time-averaged shroud pressure reduces downstream of the
diffuser throat. Additionally, the pressure variation from the shroud to hub reduces to 3%
at the 20% meridional flow path. At both NL and LL3 conditions, the time-averaged
shroud pressure from the pressure side is similar to the value at the suction side. The
variation in the two pressures is less than 2.5% at diffuser leading edge, and it is less than
7.0% downstream of diffuser throat.
5.2.2

Unsteady Impeller Shroud Static Pressure

Figure 5.2 shows the typical pressure spectra results at NL and LL3 conditions.
The spectral energy is strongly localized in the frequency domain. There are four strong
pressure components around 17SF, 34 SF, 51SF, and 59SF. The frequencies of the first
three peak spectra line up with the harmonics of shaft frequency perfectly at 17th, 34th,
and 51st harmonics. The 17th harmonic corresponds to impeller main blade pass frequency.
The 34th harmonic is the 2nd harmonic of blade pass frequency and also corresponds to
the number of impeller blades and splitters. The 51st harmonic is the 3rd harmonic of the

164
impeller blade pass frequency. However, there are small deviations between the location
of the fourth peak and the 59SF, as shown in Figure 5.3. The fourth peak occurs at
58.94SF at NL and occurs at 59.51SF at LL3. Hence the spectra energy are mostly at four
harmonics of compressor shaft frequency, the discussion in the following sections
focuses only on spectra at these four frequencies.
The ensemble-averaged static pressure along the impeller shroud from the leading
edge to 90% chord position is compared between the NL condition and LL3 condition.
Figure 5.5 shows the ensemble-averaged pressure during one compressor shaft revolution,
and Figure 5.6 shows the associated RMS values per revolution.
The static pressure at the impeller inlet (0% chord) is strongly periodic and
mainly associated with the main blade passing frequency (17SF) at both the NL and LL3
conditions. The structures of ensemble averaged and RMS pressure at NL condition are
similar to those at the LL3 condition. The pressure structures are slightly different
between the NL and LL3 conditions from impeller LE to the 40% impeller chord position.
Further downstream from 50% impeller chord position to the 90% impeller chord
position, the pressure signals are almost identical between the NL and LL3 conditions. In
general, the magnitude of fluctuations in the ensemble averaged pressure reduces from
impeller LE to 90% impeller chord position. There is an average 8-psi pk-to-pk
fluctuation in the ensemble-averaged pressure at impeller inlet, and the value reduces to
be around 2.5 psi at the 90% impeller chord position. Additionally, the RMS values in the
ensemble-averaged pressure follow the same trend.
Furthermore, between impeller LE and the 50% impeller chord position, the
ensemble-averaged pressure profiles are similar from blade to blade. Small variabilities
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start to appear at 60% impeller chord position, and the variabilities in the ensembleaverage pressure per blade passage increases at the 90% impeller chord position.
Figure 5.7 shows the pressure spectra from impeller LE to the 90% impeller chord
position at the NL and LL3 conditions. The abscissa normalized frequency with respect o
the compressor shaft frequency (SF) and the ordinate in the RMS value of static pressure.
There are four SF related pressure components in each unsteady pressure measurement at
17SF, 34SF, 51SF, and around 59SF frequencies. The 17SF frequency is associated with
the impeller main blades (17). The 34SF frequency could be the 2nd harmonic of 17SF
frequency or related with the impeller main and splitter blades (17+17). The 51SF
frequency is the 3rd harmonic of the 17SF frequency. The 59SF frequency is associated
with the impeller main blades, splitter blades, and diffuser vanes (17+17+25).
At both NL and LL3 conditions, the majority of the spectra energy is from the
17SF and its harmonics. At NL condition, the 17SF pressure is the maximum unsteady
pressure component from impeller LE to the 70% impeller chord position. However, the
pressure at 34SF becomes to be dominant from 80% impeller chord position to 90%
impeller chord position. At the LL3 condition, the pressure at 17SF remains dominant
from impeller LE up to 80% impeller chord position. There is a small amount of unsteady
pressure, less than 0.75 psi, at the 51SF. The minimum unsteady pressure component is at
around 59SF, with the maximum value less than 0.12 psi, which indicates that the
potential from the diffuser decays as it propagates upstream to the impeller inlet. At the
impeller LE and 10% impeller chord position, the magnitude of the unsteady pressure
reduces from the NL to LL3. However, the unsteady pressure at the LL3 condition is
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greater than that at the NL condition from 20% impeller chord position to 90% impeller
chord position.
Figure 5.8 shows the magnitude of each unsteady pressure component along the
impeller shroud at both the NL and LL3 conditions. The abscissa is the impeller
chordwise position, and the ordinate is the magnitude of static pressure in terms of RMS
value. In general, the magnitude of unsteady pressure at the17SF reduces from impeller
LE to the 90% impeller chord position at both NL and LL3 conditions. The peak value of
the 17SF pressure at the NL condition is near the impeller LE, and its location at the LL3
condition moves downstream around 30% impeller chord position. The minimum value
of 17SF pressure is at the 90% impeller chord position for both NL and LL3 conditions.
There is a 2.4 psi decrease in the magnitude of the 17SF pressure from impeller LE to the
90% impeller chord position at the NL condition, and a 2.2 psi decrease at the LL3
condition from 30% to 90% impeller chord position.
Similar to the pressure at the 17SF, the magnitude of unsteady pressure at the 34
SF reduces from impeller LE to the 90% impeller chord position. The peak value of the
34SF excitation is at the same location near the impeller LE for both NL and LL3
conditions. The decrease in the magnitude of the 34SF unsteady pressure from impeller
LE to the 90% impeller chord position at the NL condition is 1.3 psi at the NL, and is 1.0
psi at the LL3 condition.
There is a small magnitude of 51SF pressure at the impeller eye. In general, the
unsteady pressure at the 51SF reduces along the impeller shroud from LE to the 90%
chord position. The peak value of the 51SF pressure at the NL condition is located near
the 20% impeller chord. This peak value position moves upstream to the impeller LE at
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the LL3 condition. The minimum values of 51SF Pressure are at the 90% impeller chord,
with 0.3 psi decrease at the NL condition and 0.6 psi decrease at the LL3 condition.
Additionally, unsteady pressures near the 59SF are observed at the impeller
inducer section. The magnitudes of the unsteady pressure around 59SF are one order of
magnitude smaller comparing with Pressures from the 17SF and its harmonics because of
the rapid decay of diffuser potential field inside the impeller. There are variations in the
measured pressure spectra from LE to the 90% impeller chord position. However, the
magnitudes are on the same order, and it is challenging to extract the trend on the
development of this SF Pressure along the impeller shroud.
As stated previously, the majority spectra energy at the impeller inducer are
associated with the impeller blade pass frequency (BPF) at the 17SF, 34SF, and 51SF,
and the distribution of the spectral energy along the impeller shroud are shown in Figure
5.9. The abscissa is the impeller chordwise position, and the ordinate is the normalized
power spectra with respect to the value at the impeller LE. At the NL condition, the peak
spectra is observed at the impeller LE, and the energy in the pressure decays
exponentially from the LE to 90% chord along the impeller shroud. However, at LL3
condition, the peak spectra is observed at the 30% impeller chord. The power spectra of
the unsteady pressure first decreases from the impeller LE to 10% impeller chord, then
increases from 10% impeller chord to 30% impeller chord, and at last decays
exponentially from 30% impeller chord to 90% impeller chord. The differences between
the NL and LL3 condition is considered to be caused by the change in the shock wave
position at the impeller inducer from NL to LL3 conditions.
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5.2.3

Unsteady Static Pressure in the Vaneless Space and Diffuser

There are two rows of four Kulite transducers instrumented at 2% gap and 4% gap
in the vaneless space (VS), from 0% pitch to 75% pitch respect to diffuser vane, for the
investigation of impeller-diffuser interactions. Additionally, there are 6 Kulite
transducers installed throughout three separate diffuser passages from the LE to around
20% meridional position in the diffuser flow path. The ensemble-averaged static pressure
in terms of mean and RMS values in in both vaneless space and diffuser are shown in
Figures 5.10 and 5.11. The static pressures in both the vaneless space and diffuser are
strongly periodic and mainly associated with the impeller blade (main and splitter)
passing frequency (34SF). The ensemble-averaged and RMS pressures at NL are similar
to those at the LL3 condition up to the diffuser throat, downstream of which, deviations
start to occur between the NL and LL3 conditions due to the different diffusion processes.
In the vaneless space, the magnitude of fluctuations in both mean and RMS values of the
ensemble-averaged pressure is similar regardless of the changes in the measurement
locations. The magnitude of pressure fluctuations varies with changes in locations, and
the maximum fluctuation occurs at the diffuser throat.
Figure 5.12 shows the pressure spectra from data in the vaneless space at NL and
LL3 conditions. There is significant increase in the magnitude of unsteady pressure
around 59SF from impeller inducer to vaneless space. In contrast to the increase of
unsteady pressure around the 59SF, the pressure at the 17SF in the vanless space reduces,
with its magnitude less than 0.5 psi. As a result, the pressure from its 3rd harmonic at the
51SF becomes to be the minimum unsteady pressure, with RMS value less than 0.1 psi.
At both NL and LL3 conditions, the unsteady pressure at the 34SF becomes the dominant
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component. Additionally, there are variations in the magnitude of the vaneless space
unsteady pressures between the NL and LL3 conditions, mainly at 17SF and 34SF. The
maximum variation in the 17SF pressure is around 0.1 psi, and the value for the 34SF
pressure is around 0.3 psi.
Figure 5.13 compares unsteady pressure components between the 2% VS and 4%
VS. The abscissa is pitchwise position from SS to PS (with respect to the diffuser vane),
and the ordinate is the magnitude of static pressure in terms of the RMS value. At both
NL and LL3 conditions, there is an increase in the 17SF pressure from 0% pitch (SS) to
25% pitch, and a drop from 25% pitch to 75% pitch.
Near the 0% pitch position, the 17SF pressure at 4% VS is 0.18 psi greater than
the value at 2% VS at the NL condition, and the value is 0.09 psi at the LL3 condition. At
the 25% pitch position, there is a 0.3 psi decrease in the magnitude of 17SF pressure from
2% VS to 4% VS at NL condition, and 0.28 psi drop at the LL3 condition. Additionally,
the magnitudes of 17SF pressure spectra at the 50% and 75% pitch positions increases
from 2% VS to 4% VS at the NL condition, however, the values of the 17SF pressure
remain pretty constant with respect to the position change in the vaneless space, with
variation less than 0.04 psi at the LL3 condition. The 17SF pressure from 0% to 75%
pitch positions are on the same order of magnitude at both NL and LL3 conditions.
The magnitude of the Fourier decomposition associated with the 34SF reduces
from 2% VS to 4% VS at 50%, and 75% pitch positions. The decrease in the magnitude
of pressure is about 0.1 psi at 50% pitch position, and on average of 0.2 psi at the 75%
pitch position. In contrast, the magnitude of 34SF Pressure increases, 0.16 psi on average,
from 2% VS to 4% VS at the 25% pitch position.
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The magnitude of the unsteady pressure at the 51SF is less than 0.12 psi in the
vaneless space. At NL condition, there are greater pressures at the 0% and 50% pitch
positions than the magnitudes at the 25% and 75% pitch positions, the variations in
magnitudes of pressures respect to changes in the vaneless space positions are very small,
with maximum value less than 0.03 psi. However at LL3 condition, the 51SF pressures at
the 4% VS are of similar magnitudes from 0% pitch to 75% pitch positions. Additionally,
there are small decreases in the 51SF pressure from 2% VS to 4% VS at 0% and 50%
pitch positions. The decrease in the magnitude of pressure is around 0.04 psi at 0% pitch
position and 0.03 psi at 50% pitch position. In contrast, the pressure magnitudes at 25%
and 75% pitch positions increase from 2% VS to 4% VS, with 0.05 psi increase at 25%
pitch position and 0.06 psi increase at 75% pitch position.
There are significant unsteady pressures around 59SF in the vaneless space due to
the interactions between the impeller and diffuser. They occur at the same frequencies as
those measured in the impeller: 58.94SF at NL and 59.51 at LL3. The magnitudes of the
59SF pressures in the vaneless space are similar from 0% to 75% pitch positions, with
maximum variation less than 0.1 psi. At both NL and LL3 conditions, there are increases
in the 59SF pressure from 2% VS to 4% VS at 25% and 50% pitch positions. The
increase in the magnitude of pressure is around 0.06 psi at 25% pitch position and 0.09
psi at 50% pitch position. However, at the NL condition, the 59SF pressures at 0% and
75% pitch positions reduces from 2% VS to 4% VS. The drop in the magnitude of
pressure is around 0.02 psi at 0% pitch position and 0.03 psi at 75% pitch position. The
59SF pressures at 0% and 75% pitch positions remain the same between the 2% VS and 4%
VS at the LL3 condition.
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There are two drives for the unsteady pressure in the vaneless space: the potential
field of diffuser at 25SF and the potential field from impeller at 17SF, 34SF and their
harmonics. The interaction of the diffuser with the impeller results in combination such
as 59SF. The change in the magnitude of these power spectra components along the
pitchwise direction in the diffuser are shown in Figure 5.14. The power spectra results are
normalized by the value at the impeller LE. In general, impeller potential field reduces in
the vanless space from 2% VS to 4% VS at both NL and LL3 conditions. In contrast,
there is small increase in the diffuser potential filed from 2% VS to 4% VS, particular in
the core flow region at 25% and 50% pitch positions. Additionally, the impeller potential
filed is dominating the unsteady pressure in the vaneless space, the power of which is 6.6
times greater than the power of diffuser potential field at the NL condition and is 9.8
times larger at the LL3 condition.
Furthermore, the variability in the vaneless space unsteady pressures is compared
between data at two separate locations. Figure 5.15a compares the pressure spectra
between diffuser passage 8 and 16 at the 25% pitch position, and Figure 5.21b shows the
results at the 50% pitch position. At both NL and LL3 conditions, the pressure spectra
from the two separate locations are similar to each other, with maximum variations less
than 0.1 psi.
Figure 5.16 shows the pressure spectra from data in the diffuser at the NL and LL3
conditions. Similar to the vaneless space, the unsteady pressure at the 34SF is the
dominant unsteady pressure component at both NL and LL3 conditions. Additionally, the
distributions of unsteady pressures along the pressure surface of diffuser vane are shown
in Figure 5.17. At both NL and LL conditions, the unsteady pressures at 34SF and 59SF
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increase from diffuser LE toward the diffuser throat, reach their peaks at the diffuser
throat, and then reduce further downstream toward the 20% meridional position in the
diffuser path.
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Table 5.1: Flat Top Window Coefficient
Coefficient
a0

Value
0.21557895

a1

0.41663158

a2

0.277263158

a3

0.083578947

a4

0.006947368
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CHAPTER 6. CONCLUSIONS

The objective of this work was to study the flow in an APU-style inlet and its
effect on centrifugal compressor performance. Two separate research facilities were
developed for those investigations including the APU-Ejector facility and Single Stage
Centrifugal Compressor (SSCC) facility. This document describes the development of
these facilities and the acquired high fidelity experimental results.
A research facility for the purpose of performing an experimental investigation of
the flow field inside an APU-style inlet was developed using a subcritical air ejector. The
successful operation of this facility expands the applications of subcritical air ejectors as
vacuum sources and contributes to the literature. The facility is capable of flowing the
APU inlet over a wide range of corrected mass flow rates from 1.0 lbm/s to 5.5 lbm/s,
which allows for Mach numbers to be matched to engine operating conditions.
Additionally, improvement in the system operational steadiness was achieved by tuning
the pressure controller using a PID control method and utilizing multi-layer screens
downstream of the APU inlet. Less than 1% relative unsteadiness was achieved for
operation in full range from 1.0 lbm/s to 5.5 lbm/s.
The flow field inside the rectangular-sectioned 90-degree bend of an APU-style
inlet was measured using a 3-Component LDV system. This is the first study on the flow
development in an APU-style inlet. The flow structure in the top half of the bend was
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resolved by mapping the flow field at 9 selected R-  

   



upstream geometric asymmetry from a circular-to-rectangular transition duct was also
investigated. The asymmetry of the transition duct was measured using a CMM machine,




     

            

three different configurations.
The flow at the inlet of the bend was influenced by both the geometry and the
upstream-propagating potential field of the bend. The potential field causes strong
velocity gradients in the radial direction at the inlet of the bend, with high-momentum
flow near the inner wall and low-momentum flow near the outer wall. Additionally, the
flow at the inlet of the bend is also strongly affected by the upstream geometry. The inlet
flow is very sensitive to the geometry, and a small change the geometry yields very
different flow patterns in the front half of the bend.
As the flow enters the bend, the outer wall boundary layer is decelerated while the
inner wall boundary layer is accelerated. The pressure force in the radial direction drives
the slow moving fluid in these layers inwards to balance the centrifugal force, and
continuity ensures the outward motion of the flow, thus creates a secondary flow that
interchanges the energy between walls inside the bend. In addition to the imbalance
between the pressure force and the centrifugal force, other sources of imbalance, like
momentum imbalance between the top half and the bottom half of the bend, also
contribute to the development of secondary flow in the bend.
Strong secondary flow in both the radial and vertical directions is developed as
the flow travels through the bend. The intensity of secondary flow first increases after the
flow enters           
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the exit. Additionally, a linear decay of primary flow momentum exchange rate was
observed as the flow travels through the bend. Because of this, the flow at the bend exit
becomes uniform, and the effects of the upstream asymmetries are attenuated. The flow
pattern is redistributed with relatively high-momentum fluid near the outer wall and
relatively low-momentum fluid near the inner wall. Finally, a vortex pair develops inside
the bend at the corners near the inner wall. This vortex pair stretches as the flow travels
downstream and develops into either a twin vortex pair or an offset vortex pair at the exit
of the bend.
Furthermore, a Single Stage Centrifugal Compressor research facility was
developed at Purdue University in collaboration with Honeywell. The research vehicle is
a Honeywell experimental compressor that has been specifically outfitted with a variety
of both steady-state and fast-response instrumentation. With features including a realtime clearance control system, active bleed flow management, rotatable inlet rakes, and
fast-response sensors along the impeller shroud and diffuser vanes, the facility provides
very unique research capabilities in multiple research areas in relation to inlet distortion,
tip clearance effects, and impeller-diffuser interactions for centrifugal compressors.
To operate the facility, extensive infrastructure for facility health monitoring and
performance control (including lubrication systems, secondary air systems, a throttle
system, and different inlet configurations) were built.

Additionally, three Labview

programs were developed for acquiring the compressor health monitoring, steady and
unsteady pressure and strain data.
The mechanical checkout of the facility has been completed. Both steady
aerodynamic performance and the unsteady pressure field in the compressor were
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investigated. Steady performance data have been acquired at three different corrected
speeds from 90% to 100% corrected speed in 5% increments. The performance of the
compressor stage was characterized using total pressure ratio (TPR), total temperature
ratio (TTR), and isentropic efficiency. Results show that the compressor stage is able to
operate efficiently over a wide range of mass flow rates. The efficiency remains the same
at the NL condition from 90% to 100% speed.
The performance of the impeller was investigated. The impeller exit total pressure
remains the same along the choke line in the compressor map. After the flow in the
compressor becomes subsonic, the impeller TTR starts to increase as the loading
increases. The impeller operates efficiently regardless of the changes in the loading
conditions from 90% to 100% corrected speed because there is relatively little loss
associated with the centrifugal effects that give rise to the work input.
The flow exiting the impeller is transonic and has large kinetic energy, which is
further recovered as pressure in the downstream stationary diffusion system (diffuser,
bend, and deswirl), mostly in the diffuser. The performance of the vaned diffuser and the
overall system was characterized in terms pressure coefficient and efficiency. Results
show the efficiency of both the diffuser and the diffusion system heavily depends on
compressor loading conditions, with increased efficiency at higher loading conditions.
The static pressure distribution in the compressor from inlet to exit is quantified.
Results show that at 100% corrected speed, the impeller contributes more than 50% of
pressure rise through the stage, and the static pressure distribution along the impeller does
not change with variations in the loading conditions. The diffuser could either reduce
pressure or increase it up to 42% of stage static pressure rise depending on the
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compressor loading condition, with increased diffusion efficiency at increased loading
condition. Most of the pressure loss in the diffuser occurs in the semi-vaneless space
between the diffuser leading edge and throat. Additionally, this high-loss region extends
downstream as the loading is reduced.
The total pressure and total temperature profiles at various stations including
compressor inlet, diffuser exit, and deswirl exit were evaluated. The total temperature
and total pressure profiles at t    



 





variation in temperature and less than 0.08 psi variation in pressure. However, there is
significant non-uniformity in the total pressure at the diffuser exit mainly along the
circumferential direction, and the non-uniformity increases with the increasing operating
speeds. The flow leaving the diffuser is further conditioned in the bend and deswirl, in
which the pressure non-uniformity is greatly attenuated. As a result, the total pressure and
temperature profiles are quite uniform at the deswirl exit.
Additionally, the compressor unsteady shroud pressure was investigated at 100%
corrected speed in both the time domain and frequency domain. Results show strong
pressure components in relation to the shaft frequency (SF). The impeller has 17 main
blades and 17 splitter blades, and introduces pressure fluctuations at 17SF and its
harmonics. Additionally, the diffuser has a vane count of 25 and results in pressure
spectra of 59SF (17+17+25) due to the interactions between the impeller and diffuser.
At the impeller inducer section, the dominant pressure occurs for frequency of
17SF, with the largest magnitude at the impeller LE. The spectral energy associated with
the impeller blade pass frequency decays exponentially from impeller LE to the 90%
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impeller chord position. There is a small amount of energy around the 59SF observed in
the impeller inducer, with magnitudes of the pressure spectra less than 0.1 psi.
The magnitude of pressure spectra at 59SF increases significantly in the vaneless
space and diffuser passage. However, the dominant pressure spectra in the vaneless space
and diffuser passage are still associated with the impeller blade pass frequency, with the
primary pressure spectra at the 34SF because of 34 blades present at impeller exit due to
the presence of splitter blades. Additionally, all the pressure spectra increase in the semivaneless space, reach to the peak value at the diffuser throat, and decay at the
downstream.
Overall, the measurements acquired in this project contribute to an improved
understanding of the flow in an APU-style inlet and steady and unsteady flow field inside
a centrifugal compressor. These data will serve the turbomachinery community as a
significant resource to validate the computational tools for compressor and inlet system
design.
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Appendix B

Alignment for LDV System

Alignment of the beams is required, and there are four steps to perform including
the Laser Alignment, Laser-Transmitter Alignment, Transmitter-Probe Alignment, and
Probe-Probe Alignment. The purpose of Laser Alignment is to maximize the output from
the laser beam out of the laser head. The alignment is performed by adjusting the two
thumb knobs at the rear end of the laser head while monitoring the value of the laser
power displayed on the LCD screen of the laser remote controller.
Alignment is required between the laser head and the optical transmitter to
maximize the intensity of laser beam that enters the transmitter. To facilitate the
alignment, the slide switch on top of the transmitter should be positioned to alignment
mode. There are four legs at the bottom of the transmitter and two thumb knobs on each
side of the transmitter that enable the alignment. The next alignment is the TransmitterProbe Alignment. The purpose of this alignment is to optimize the laser power coming
out of the probe. It is recommended that for each channel, the power of the laser beam
coming out of the probe has to be at least 60% greater than that coming from the
transmitter.
Probe-Probe Alignment is required when using the 3-component LDV system to
resolve all the three velocity components in the flow field. The purpose of the alignment
is to make sure that all the three measurement volumes from both probes coincide with
each other so that the three measured velocity components are from the same spot. The
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